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ABSTRACT
Cerium oxide nanoparticles (CeO2 NPs) are being increasingly used in industrial
and consumer products and the release of CeO2 NPs into the air, water, and soil is an
inevitable consequence. Once released into the environment, CeO2 NPs can have adverse
impacts on the environment and human health. Thus, characterizing the environmental
behavior and toxic effects of CeO2 NPs is important to protect the environment and human
health. To assure such protection, the stability and phytotoxicity of CeO2 NPs need to be
known because they are key to understanding their transport, toxicity and bioavailability
in water and soil. The objective of this dissertation is to characterize the stability and
phytotoxicity of CeO2 NPs in water-soil-plant systems. The approach was to analyze the
colloidal stability and aggregation kinetics of CeO2 NPs under the influence of pH, ionic
composition (monovalent NaCl and divalent CaCl2 salts), and Suwannee river humic and
fulvic acids. The root system architecture and plant growth of seedlings of three different
sorghum cultivars (BTx 623, Grassl, and Rio) as well as composition traits, plant growth,
and Ce accumulation of sweet sorghum Grassl, were studied to evaluate the phytotoxicity
of CeO2 NPs to plants.
To analyze the stability of CeO2 NPs, the hydrodynamic diameter and zeta potential
were measured over time at three different electrostatic scenarios related to pHPZC (pH >
pHPZC, pH = pHPZC, and pH < pHPZC) in the first study and at different concentrations of
NaCl and CaCl2 and different concentrations of humic acid (HA) and fulvic acid (FA) in
the second study.
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To quantify the phytotoxicity of CeO2 NPs to sorghum, root system architecture,
seedling size, and biomass of three sorghum cultivars (BTx 623, Grassl, and Rio) at four
CeO2 NP treatment levels (0, 100, 500, and 1000 mg/kg CeO2 NPs) were determined in the
third study. In addition, composition traits, Ce accumulation, plant size, and biomass of
sweet sorghum Grassl at four CeO2 NP treatment levels (0, 100, 500, and 1000 mg/kg CeO2
NPs) were determined in the fourth study.
Results of the first study show that (1) the zeta potential of CeO2 NPs, with a point
of zero charge (pHPZC) of 10.2, decreased (from positive to negative) with increasing
solution pH; and (2) the impacts of Na+ and Ca2+ cations and HA and FA on the levels and
rates of aggregation were pH-dependent. Furthermore, in the presence of salts, CeO2 NPs
were stable at pH < pHPZC (except 1 mM of NaCl/CaCl2) and pH > pHPZC (except 0.5 mM
CaCl2), but aggregation was enhanced at pH = pHPZC, with the diameter of CeO2 NPs in
the ~1300 to 3600 nm range. The study also showed that (3) HA stabilized CeO2 NPs under
pH > pHPZC, but aggregation was enhanced at pH = pHPZC with the diameter of CeO2 NPs
in the ~1500 to 1900 nm range (in the presence of 0 and 1 mM of NaCl/CaCl2 at pH <
pHPZC); and (4) FA (0.14 mg/L) showed more efficiency in stabilizing the CeO2 NPs than
HA (5 mg/L) at three pH levels (8.2, 10.2, and 12.2) and under all different electrolyte
concentrations (0 – 1 mM of NaCl or CaCl2).
Results of the second study show that (1) homoaggregation of CeO2 NPs occured
in the presence of Na+ (> 1 mM NaCl) and in the presence of Ca2+ (> 5 mM CaCl2); (2) the
critical coagulation concentration (CCC) of CeO2 NPs in the presence of monovalent Na+
(30 mM) was twice as large as the CCC in the presence of the divalent Ca2+ (15 mM) at
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pH 5; (3) the influence of the divalent cation Ca2+ was more efficient than the monovalent
cation Na+ in enhancing the aggregation of CeO2 NPs; (4) heteroaggregation of CeO2 NPs
and HA was enhanced at higher NaCl concentrations (> 100 mM NaCl) due to electrostatic
attraction and at higher CaCl2 concentrations (> 1 mM CaCl2) due to the bridging effect;
and (5) when compared to FA, HA was not only more reactive in

inhibiting the

heteroaggregation of CeO2 NPs in the presence of NaCl, but also more efficient in
enhancing the heteroaggregation of CeO2 NPs in the presence of CaCl2 (> 10 mM CaCl2).
Results of the third study show that (1) when the CeO2 NP treatment levels
increased, a threshold of 500 mg/kg CeO2 NPs and a decreasing trend were found in values
of primary root length, primary root surface area, number of lateral roots, surface
area/volume ratios of lateral root, total root length, and total root surface area in BTx 623
and primary root length, surface area/volume ratios of lateral root, and total leaves weight
in Grassl; and (2) the parameters, significantly greater at 100 mg/kg CeO2 NPs than the
control, were a ratio of wet root weight/total wet weight in BTx 623; total wet root weight,
total wet weight, and number of lateral roots in Grassl; and top leaf length and water content
in Rio. Results also show that (3) a dose-response phenomenon—low CeO2 NP treatment
level (100 mg/kg CeO2 NPs) stimulations and higher CeO2 NP treatment level (500 and
1000 mg/kg CeO2 NPs) reductions—was observed for number of lateral roots, total wet
root weight, and total wet weight; and (4) Rio was more CeO2 NP tolerant, and BTx 623
and Grassl were more CeO2 NP sensitive at 500 mg/kg CeO2 NPs threshold.
Results of the fourth study show that (1) the growth parameters were inhibited at
1000 mg/kg CeO2 NP treatment; (2) Ce accumulation was promoted at 1000 mg/kg CeO2
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NPs in Noncut; (3) CeO2 NPs, at some level, can improve the forage quality of sweet
sorghum Grassl in terms of digestibility, energy, and minerals; Furthermore, the study
shows that (4) the growth stage and cultivation period also showed positive impacts on the
bioenergy quality of sorghum in terms of starch and sugar.
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CHAPTER ONE
INTRODUCTION
1.1 Problem Statement and Motivation
Global production of CeO2 NPs is increasing. CeO2 NPs are used in diesel fuel
additives as an exhaust gas catalyst (Cassee et al., 2011; Johnson and Park, 2012), in
capacitors and semiconductors (Cai et al., 2015), in medical applications as an antioxidant
(García et al., 2012), in sunscreen products as a UV blocking agent additive (Cassee et al.,
2011), and in manufactured glass as a polishing agent (Johnson and Park, 2012; Petosa et
al., 2013). Estimated CeO2 NPs emissions in landfill, soil, air, and water are 82%, 14%,
1%, and 3% of CeO2 NPs production, respectively (Keller et al., 2013). CeO2 NPs are on
the priority list of the project titled “Safety Testing of A Representative Set of
Manufactured Nanomaterials,” implemented by The Working Party on Manufactured
Nanomaterials for effects assessment of nanomaterials exposure to humans and the
environment (OECD, 2010). Stability of nanoparticles in the soil-water environment
mainly depends on three factors of solution chemistry (Baalousha et al., 2013; Cumberland
and Lead, 2009; El Badawy et al., 2012; El Badawy et al., 2010; Huynh and Chen, 2011;
Li et al., 2010), namely: pH, ionic strength (IS), and natural organic matter (NOM). CeO2
NPs were unstable with the increase of pH (6 - 9) and IS (1.7 – 40 mM), but became stable
with the increasing concentration of NOM (0 – 10 mg C/L) (Van Hoecke et al., 2011).
Another study also found that HA stabilized CeO2 NPs, and the mobility of CeO2 NPs was
significantly enhanced with an increase of HA concentration or decrease of IS (Lv et al.,
2014). Stability of CeO2 NPs may show differences in three different pH regions (which
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are divided by pH at point zero charge, pHPZC), especially at the environmentally related
pH region (pH < pHPZC) with varying concentrations of IS, HA, and FA.
Sorghum has ranked fifth among the world grain crops (Paterson, 2008). The
amount of global production of sorghum in 2017/2018 was 59.45 million metric tons
(USDA, 2018). Reports focused on the phytotoxicity study of nanoparticles (especially
CeO2 NPs) on sorghum plants have been limited in scope. Lee et al. (2012) reported that
the seedling roots of sorghum bicolor were reduced by 20% compared to the control, when
they were cultivated in 2000 mg/kg Ag NPs treated soil (Lee et al., 2012). Sorghum plants
cultivated in CeO2 NPs treated soil may be affected, and pose potential risks to
environmental and human health.
The stability and phytotoxicity of CeO2 NPs are herein examined by a range of
analytical approaches, including:
•

Dynamic light scattering (DLS) and zeta potential over time to determine
dynamic change in CeO2 NPs size and surface charge

•

Linear regression analysis to obtain aggregation rate and attachment
efficiency

•

Calculations using DLVO theory to determine net energy between particles

•

Ruler and scale, near-infrared spectroscopy (NIR), and coupled plasma
mass spectrometry (ICP-MS) to obtain data such as growth parameters,
compositional traits, and Ce content in sorghum plants

•

RootGraph software to quantify root morphology of sorghum seedlings

•

JMP software to statistically analyze all parameters of phytotoxicity.
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1.2 Research Rationale and Objectives
The rationale for this research is that the unavoidable release of CeO2 NPs from air
deposition, reclaimed water irrigation, and biosolids application to the soil poses risks to
the environment and humans. The stability of CeO2 NPs in water and soil affects their
transport, toxicity, and bioavailability—factors that help us assess the potential risks of
CeO2 NPs to the environment. Likewise, the phytotoxicity of CeO2 NPs in soil is another
measure of their environmental risk, since it manifests itself in the growth of soil cultivated
sorghum plants and Ce accumulation in plants.
The four studies presented in this dissertation were conducted in soil-water-plant
systems. Stability and phytotoxicity of CeO2 NPs have been investigated based on the
physiochemical parameters of CeO2 NPs and the biological and morphological
characteristics of sorghum plants. Details are provided in Chapters 2 – 5.
The objectives for determining the stability of CeO2 NPs in different aqueous
systems are: (1) to learn the effect of pH on the stability of CeO2 NPs; (2) to ascertain the
impact of humic acid (HA) and fluvic acid (FA) on the stability of CeO2 NPs; and (3) to
determine the effect of ionic strength (IS) on the stability of CeO2 NPs.
The objective of the first study (Chapter Two) is to characterize the stability of
CeO2 NPs at different pH levels. To characterize the stability and aggregation behavior of
CeO2 NPs at three different electrostatic scenarios related to pHPZC (pH > pHPZC, pH =
pHPZC, and pH < pHPZC) in the presence of monovalent or divalent salt (NaCl or CaCl2)
and in the presence of HA or FA, the dynamic hydrodynamic diameter, zeta potential, and
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absorbance were measured by dynamic light scattering (DLS), electrophoretic light
scattering (ELS), and UV-visible spectroscopy, respectively.
The objective of the second research (Chapter Three) is to characterize the stability
of CeO2 NPs in the presence of IS and HA/FA. Two characteristics of CeO2 NPs, namely
hydrodynamic diameter and zeta potential changing over time at different concentrations
of NaCl and CaCl2 and different concentrations of HA and FA, were measured by DLS
and ELS, respectively.
The objectives of determining the phytotoxicity of CeO2 NPs to sorghum are (1) to
characterize the phytotoxicity of CeO2 NPs to seedlings of three sorghum cultivars (BTx
623, Grassl, and Rio); and (2) to study the phytotoxicity of CeO2 NPs to sweet sorghum
Grassl.
The objective of the third study (Chapter Four) is to characterize the phytotoxicity
of CeO2 NP to seedlings of three sorghum cultivars (BTx 623, Grassl, and Rio). The
seedling growth (seedling size and biomass), and root system architecture at four different
CeO2 NP treatment levels (0, 100, 500, and 1000 mg/kg) were characterized using a digital
caliper and a balance and RootGraph software, respectively.
The objective of the fourth study (Chapter Five) is to characterize the phytotoxicity
of CeO2 NPs to sweet Sorghum Grassl. Specifically, growth parameters (plant size and
biomass), composition traits, and Ce accumulation of sweet Sorghum Grassl at different
cut-and-regrowth stages and four different CeO2 NP treatment levels (0, 100, 500, and 1000
mg/kg) were determined by a ruler and a weighing scale, near-infrared spectroscopy (NIR),
and inductively coupled plasma mass spectrometry (ICP-MS), respectively.
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CHAPTER TWO
COLLOIDAL STABILITY AND AGGREGATION KINETICS OF CERIUM OXIDE
NANOPARTICLES: EFFECTS OF PH, IONIC COMPOSITION, AND SUWANNEE
RIVER HUMIC AND FULVIC ACIDS
Abstract
Advancing the understanding of the stability and aggregation of cerium oxide nanoparticles
(CeO2 NPs) in natural soil and water environmental conditions is fundamental to the
characterization of the environmental fate and transport of CeO2 NPs, and the assessment
of their risk to human and ecosystem health. This study systematically investigates the
physical and chemical interaction mechanisms that govern the colloidal stability and
aggregation kinetics of CeO2 NPs under the influence of the following soil and water
abiotic factors: pH, ionic composition (monovalent NaCl and divalent CaCl2 salts), and
Suwannee river humic and fulvic acids. The single effect of pH (1-14), and the coupled
effects of pH (8.2, 10.2, and 12.2), NaCl (0-1 mM) and CaCl2 concentrations, in the absence
and presence of Suwannee river humic acid (5 mg/L) and Suwannee river fulvic acid (0.14
mg/L), on the aggregation of less than 25 nm CeO2 NPs were assessed by measuring the
hydrodynamic diameter of CeO2 nanoaggregates using dynamic light scattering. The point
of zero charge (pHPZC) and the stability domains were determined by examining the zeta
potential of CeO2 nanoaggregates using electrophoretic light scattering. Experimental
results show that the solution chemistry impacted the colloidal stability and aggregation
kinetics of CeO2 NPs. The zeta potential of CeO2 NPs, with a point of zero charge (pHPZC)
of 10.2, decreased (from positive to negative) when the solution pH was increased. The
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diameter of CeO2 NPs aggregates was ~1700 nm in the region of pHPZC and decreased with
pH when pH < pHPZC or pH > pHPZC to ~100 nm. However, it reached ~1500-2250 nm at
pHs 1, 13, and 14. The impacts of Na+ and Ca2+ cations and HA and FA on the levels and
rates of aggregation were pH-dependent. Furthermore, in the presence of salts, CeO2 NPs
were stable at pH < pHPZC (expect for 1 mM of NaCl/CaCl2) and pH > pHPZC (except for
0.5 mM CaCl2); however, the aggregation was enhanced at pH = pHPZC, with the diameter
of CeO2 NPs in the ~1300 to 3600 nm range. HA stabilized CeO2 NPs under pH > pHPZC;
however, the aggregation was enhanced at pH = pHPZC with the diameter of CeO2 NPs in
the ~1500 to 1900 nm range, and in the presence of 0 and 1 mM of NaCl/CaCl2 at pH <
pHPZC. FA (0.14 mg/L) showed more efficiency in stabilizing the CeO2 NPs than HA (5
mg/L) at three pH levels (8.2, 10.2, and 12.2) and under all different electrolyte
concentrations (0 – 1 mM of NaCl or CaCl2). The diameter of CeO2 NPs in the presence
of FA grew at low rates and was ~95-115 nm at all three pHs and under all different
electrolyte concentrations. Overall, the results suggest that the CeO2 NPs aggregation and
stability are complex because they are controlled by pH, ionic composition, humic acid,
and fulvic acid in the environment.

2.1 Introduction
Revolutionary advances in the field of nanoscience and nanotechnology have
played a key role in the development of new materials and technologies for products and
applications to all the sectors of industry – agriculture, manufacturing, and services – and
have impacted our daily life. Engineered nanoparticles have different properties from their
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bulkier counterparts (Aitken et al., 2006; Auffan et al., 2009). As a consequence,
nanotechnology is transforming industry, agriculture, medicine, life sciences, electronics,
materials science and energy, among other sectors, with the unique physicochemical
properties of engineered nanoparticles that have had novel applications (Akaighe et al.,
2012; Bai et al., 2017; Bystrzejewska-Piotrowska et al., 2009; Cao and Brinker, 2008; Choi
et al., 2008; Huibers et al., 2017; Kah and Hofmann, 2014; Nanotechnology and
Sunscreens, 2007; Peng et al., 2005; Schmid and Riediker, 2008; Stafford, 2007; Uyuşur
et al., 2016; Wei et al., 2015). Products containing NPs are expected to be a $3 trillion
market by 2020 (Roco et al., 2011).
Among the metal nanoparticles engineered in nanoscience, CeO2 NPs are one of
the common nanomaterials used increasingly in products and applications (Grand View
Research, 2017). CeO2 NPs have unique physicochemical properties, such as strong
ultraviolet (UV) radiation absorbing capacity, high capacity for donating and storing
oxygen, and low CeIV/CeIII redox potential (Bekyarova et al., 1998; Van Hoecke et al.,
2009; Nakagawa et al., 2007; Sato et al., 2004). CeO2 NPs are used in various applications,
such as exhaust gas catalysts in diesel fuel additives (Cassee et al., 2011; Johnson and Park,
2012), capacitors and semiconductors in electronic devices (Cai et al., 2015), antioxidants
in medical products (García et al., 2012), UV-blocking agents in sunscreen (Cassee et al.,
2011), and polishing agents in manufacturing glass (Johnson and Park, 2012; Petosa et al.,
2013).
With increasing use in products and applications, the presence of CeO2 NPs in
environmental components, such as soil, sediments, water, air, and biota, is inevitable.
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Although CeO2 NPs in diesel fuel additives increase the efficiency of trapping particulate
matter and decrease NOx emissions during combustion in engines, CeO2 NPs are found in
the exhaust emissions that discharge into the air (Cassee et al., 2011; Farfaletti et al., 2005;
HEI, 2001; Jung et al., 2005; Prospect, 2010). CeO2 NPs released from fertilizers can
contaminate the soil. The estimated CeO2 NPs concentrations in biosolids, which are
calculated by using 2010’s market study production estimates in three metropolitan areas
(New York, Shanghai and London), range from 0.53 to 9.1 mg/kg (Collin et al., 2014a;
Lazareva and Keller, 2014). By using the same method of estimation, the range of the
concentration of CeO2 NPs released from wastewater treatment plants into waterbodies is
0.003 - 1.17 µg/L (Collin et al., 2014a; Lazareva and Keller, 2014). Other possible sources
of release of CeO2 NPs into soil and water systems include discarded electronics or residue
from coatings or sunscreen products (Keller et al., 2013; Wagner et al., 2014). Once
released into the environment, CeO2 NPs can be carriers of contaminants, or be ecological
and public health threats themselves.
The toxicity effects of CeO2 NPs on plants, such as lettuce, rice, cucumber, tomato,
and soybean, have been investigated (Birbaum et al., 2010; Cui et al., 2014; Gui et al., 2015;
Ma et al., 2010; Majumdar et al., 2016; Priester et al., 2012; Wang et al., 2012; P. Zhang
et al., 2013; Zhang et al., 2017). Cerium (Ce) added to fertilizer may enhance root growth
in rice seedlings (Peralta-Videa et al., 2014), and alter the composition and nutritional
values of crop plants, such as soybeans, cowpeas, corn and mungbean (Diatloff et al., 2008;
Peralta-Videa et al., 2014; Shyam and Aery, 2012; Yuan et al., 2001). Some studies have
also conducted toxicity experiments with CeO2 NPs on microorganisms. Microbial
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communities were found to be inhibited by CeO2 NPs during the wastewater treatment
process (García et al., 2012). Soil enzyme activities in a soil-grass microcosm system were
also impacted by CeO2 NPs as concentrations equal to 100 mg/kg were found to hinder
urease and β-glucosidase activities, and promote the phosphatase activity (B. Li et al.,
2017). CeO2 NP toxicity to invertebrates on land and in water systems has also been
reported in studies involving earthworm, nematode, algae and phytoplankton (Auffan et al.,
2013; Collin et al., 2014a, 2014b; Lahive et al., 2014).
The transport of CeO2 NPs in natural porous media, such as soil and aquifer systems,
and in engineered porous media, such as sand filtration systems, has been investigated in
numerous studies, and the effects of physicochemical parameters have been documented
(Cornelis et al., 2011; Fang et al., 2016; Hassan et al., 2013; Li et al., 2011; Lui et al., 2011;
Lv et al., 2014; Petosa et al., 2013; Zhang et al., 2016). Transport of CeO2 NPs in saturated
sand-packed columns was hindered in the presence of NaCl with high ionic strengths
(larger than 10 mM) at pH 3 (Li et al., 2011). Organic matter enhanced the stability and
mobility of CeO2 NPs in the presence of 1 mM NaCl at pH 6.5 (Hassan et al., 2013). The
increase of HA concentration from 0 to 10 mg/L or the decrease of IS from 100 to 1 mM
markedly facilitated the transport of CeO2 NPs more than the influence of the increase of
pH from pH 7 to 10 (Lv et al. 2014). Retention of CeO2 NPs was observed in loamy sand
and also under higher concentrations of divalent salt (CaCl2 and MgCl2) at pH 8 (Petosa et
al., 2013).
Colloidal stability (i.e., whether nanoparticles remain in suspension as small
particles) and aggregation state of engineered nanoparticles are key factors that govern the
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environmental behavior of nanoparticles. The stability of nanoparticles controls their fate
and transport in terrestrial and aquatic systems, bioavailability, and toxicity, as the size of
the nanoparticles/nanoaggregates is essential in determining their reactivity (Oriekhova
and Stoll, 2016a). The stability of nanoparticles is a function of their size, surface charge,
and capping agent, and is influenced by the physicochemical conditions of the soil water
environment the nanoparticles encounter, such as pH, ionic strength, and organic
compounds. Although studies on the stability of CeO2 NPs have been published, their
behavior under relevant environmental conditions is mostly unknown. Specifically, the
understanding of the physical and chemical interaction mechanisms controlling the
aggregation kinetics of CeO2 NPs under the coupled effects of pH, ionic composition, and
natural organic matter (NOM) is lacking.
The colloidal stability and aggregation of engineered nanoparticles have been
investigated in a number of studies by considering various environmental parameters.
Among the parameters tested, pH is one of the most significant. The pH of suspensions
affects the surface ionization of NPs. When pH approaches point of zero charge (pHPZC),
at which pH point the zeta potential of NPs closes to 0 mV, the size of nanoaggregates
increases rapidly because the repulsive force between NPs diminishes. When pH is above
or below the pHPZC, the absolute value of NP zeta potential is larger than 0 mV and the
nanoaggregate size increases with a slower rate because of higher repulsive force between
the NPs than at pHPZC. The stability of NPs has been investigated in different electrostatic
scenarios related to pHPZC, which are pH > pHPZC, pH = pHPZC, and pH < pHPZC in many
studies (Ghosh et al., 2008; Oriekhova and Stoll, 2016a; Palomino et al., 2013; Thio et al.,
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2010). For example, the pHPZC of the uncoated CeO2 NPs, which had a primary particle
diameter 28 ± 10 nm and a specific surface area 27.2 ± 0.9 m2/g, is equal to 6.8 ± 0.1
(Oriekhova and Stoll, 2016a). When the pH increased from 3 to 10, the zeta potential
decreased from positive to negative values. In their study, the size of the CeO2 NP
nanoaggregates was lower than 200 nm at pH < pHPZC and reached 800 – 1500 nm at pH =
pHPZC. In another example, the aggregation of TiO2 NPs was observed when the pH
approached pHPZC, while the aggregation was inhibited at both a lower pH and a higher pH
due to the strong electrostatic repulsions between the NPs (Palomino et al., 2013).
Ionic strength (IS) plays an important role in controlling the behavior of NPs
stability. The increase of IS, affecting NPs by electrical double layer compression, zeta
potential reduction, and charge reversal by counterions, generally enhances NP aggregation
(Petosa et al., 2010; Wagner et al., 2014). Electrolyte valence is an additional and important
factor for determining the aggregation efficiency of electrolytes. The valence of the ion in
an electrolyte is proportional to the inverse of the Debye length, which controls the
magnitude of electrostatic repulsion potentials. The stability of NPs increases when the
valence of the ion increases. Thus, divalent cations show a stronger impact on destabilizing
negatively charged NPs than monovalent cations. For example, at pH 4.8 and 0.0128 M,
CaCl2 had a faster rate of aggregate formation than that of NaCl (French et al., 2009).
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory can be used to explain the stability
and aggregation behavior caused by IS, which shows similar effects on colloidal particles
(Derjaguin, 1940; Derjaguin and Landau, 1941; Verwey and Overbeek, 1948). According
to the Schulze-Hardy rule (Tezak et al., 1955), the divalent cations show greater influence
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on destabilization of the colloids than the monovalent cations, and this phenomenon can
be explained by the relationship between the critical coagulation concentration (CCC) and
counterion valence (!). In practice, the CCC is proportional to a fraction that ranges from
!-6 to !-2 (Elimelech et al., 1995). Studies also use this rule to explain and estimate NP
aggregation behavior in the presence of divalent and monovalent cations, which behaves
similarly to colloids in aqueous environment (Akaighe et al., 2012; Buettner et al., 2010).
For example, the divalent ions (Ca2+) had a stronger impact on the increase of the
hydrodynamic size of TiO2 NPs than the monovalent ions (Na+) did (Ottofuelling et al.,
2011). In another example, the CeO2 NPs showed that their CCC was lower for Ca2+ (16
mM) than Na+ (80 mM) and had a proportionality fraction of !-2.3 (Buettner et al., 2010).
CCC of Ca2+ for silicon NPs was approximately 0.4 M (Liu et al., 2011).
Natural organic matter (NOM) also affects the stability of NPs. NOM contains
humic substances (HS), polysaccharides, algal and bacterial residues (Oriekhova and Stoll,
2016a; Wilkinson et al., 1999). As major components of NOM, HS can be found in soil,
water, and geological organic deposits (IHSS, 2007). Depending on the extent of plant
debris decay and level of concentration, the color of HS varies from brown to black in
composts, surface soil, freshwater ponds, lakes, and streams (IHSS, 2007). HS make up 20
– 50% of NOM in the aquatic environment (Frimmel and Abbt-Braun, 1999; Oriekhova
and Stoll, 2016a). HS in natural water systems have three main components, which are
humic acids (HA), fulvic acids (FA), and humin. Functional groups, such as carboxylate,
phenolate, amino, and thiol, can attach themselves to minerals or metal oxide bulk particles
and NPs (Chen and Wang, 2007; Liang et al., 2011). The adsorption, charge reversal, and
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bridging effect have also been used to explain the mechanisms of the stability and
aggregation of NPs affected by NOM in studies (Baalousha, 2009; Ghosh et al., 2011;
Keller et al., 2010; Li and Chen, 2012; Z. Li et al., 2017; Lv et al., 2014; Quik et al., 2010).
The coating mechanism between NOM and NPs involves the interactions among
electrostatic forces, van der Waals forces, and steric effects (Chen and Elimelech, 2007).
NPs stability is affected by the types of NOM coating formation on NPs surface
(Baalousha et al., 2003). In addition, the concentration, composition, molecular mass,
hydrophobicity, and polarity of NOM and the couple effects of NOM and pH, or different
types of cations, are also factors that determine the NPs stability (Ghosh et al., 2010; Hyung
and Kim, 2008; Mashayekhi et al., 2012). For instance, the stability of CeO2 NPs and
complexes of FA and CeO2 NPs were studied at three different pH levels (3, 7, 10) that
corresponded to the positive (pH < pHPZC), neutral (pH = pHPZC) and negative (pH > pHPZC)
surface charge of CeO2 NPs, respectively (Oriekhova and Stoll, 2016a). The environmental
amount of FA (2 mg/L) at pH 3 (pH < pHPZC) was capable of stabilizing CeO2 NPs. In
addition, HA and FA showed differences of adsorption to NPs under varying pH and IS
conditions. For example, the increase of IS (NaNO3 concentration from 0.01 to 0.1 M)
enhanced the HA adsorption at all pHs (pH 4 – 8) but had little influence on FA adsorption
to SiO2 NPs (Liang et al., 2011). The aggregates formation of Ca mediated bridging of HA
with silica particles resulted in the enhanced aggregation of silica particles (Abe et al.,
2011). On the other hand, NOM adsorbed to the surfaces of NPs increased the electrostatic
repulsions and provided a barrier to aggregation, resulting in low aggregation rates (Keller
et al., 2010). The CCC of CeO2 NPs for KCl shifted to higher levels (> 500 mM) as the
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SRHA concentration increased (from 0 to 10 mg/L) at pH 5.7 (Li and Chen, 2012). At pH
5.7 and at a low SRHA concentration (1 mg/L), SRHA stabilized the CeO2 NPs at a high
KCl concentration (500 mM) (Li and Chen, 2012). Moreover, the extent of the diffuse
double layer around C60 nanoaggregates was diminished by Ca2+, which resulted in the
decrease of the energy barrier and the increase of the aggregation in the presence of FA
and HA (Mashayekhi et al., 2012).
The importance of studying the stability of CeO2 NPs is that their stability affects
their transport, retention, bioavailability and toxicity while posing risks to the environment
and human health. The specific objective of this research is to determine the stability of
CeO2 NPs at three different pH regimes

which relate to pHPZC under different

combinations of NaCl/CaCl2 and HA/FA. Our tasks are (i) to characterize effect of pH on
CeO2 NPs and find the pHPZC of CeO2 NPs and (ii) to analyze the aggregation behavior
and stability of CeO2 NPs below, at, and above pHPZC in the absence or presence of
NaCl/CaCl2 and HA/FA.

2.2 Materials and Methods
2.2.1 Materials
2.2.1.1 CeO2 NP stock suspensions
CeO2 NPs were obtained in the form of cerium (IV) oxide nanopowder from SigmaAldrich (Saint Louis, MO). According to the manufacturer, the average particle size and
density of CeO2 NPs are below 25 nm and 7.13 g/mL at 25 ℃, respectively. Every CeO2
NP stock suspension (250 mg/L) was prepared according to the following dispersion
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protocol. First, 250 mg of cerium (IV) oxide nanopowder were weighted by using a UMT2
ultra-microbalance (Mettler Toledo, Columbus, OH) in the Nano Enclosure Xpert®, 38872
series (Labconco, Kansas City, MO). Second, the weighted cerium oxide (IV)
nanopowders were dispersed in 80 mL ultrapure deionized (DI) water (18.2 MΩ•cm)
(Millipore Corporation, Billerica, MA) by ultrasonication, and then diluted to a 1 L
suspension. The ultrasonication of the stock suspensions of CeO2 NP was performed using
an ultrasonic liquid processor (S-4000, output power 600 W Max and output frequency 20
KHz, Misonix, Newton, CT) with the following settings: an amplitude of 45, a power of
45 W, and a sonication of 4 minutes.

2.2.1.2 HA and FA stock suspensions
Suwannee River humic acid (SRHA) (standard II, 2S101H) and Suwannee River
fulvic acid (SRFA) (standard II, 2S101F) were obtained from the International Humic
Substances Society, St. Paul, MN. A 50 mg/L SRHA stock solution was prepared by
dissolving 50 mg of SRHA in 1 L of ultrapure DI water. A 1.41 mg/L of SRFA stock
solution was prepared by dissolving 1.41 mg of SRFA powder in 1 L of ultrapure DI water.
Both SRHA and SRFA solutions were then filtered through WhatmanTM hardened ashless
filter papers, i.e., cotton filters made of high-quality cotton linters (Whatman quantitative
filter paper, hardened ashless, Grade 542, GE Healthcare Life Sciences, Little Chalfont,
UK) with nominal particle retention rating of 2.7 µm. The 50 mg/L SRHA and 1.41 mg/L
SRFA solutions were stored in the dark at 4 ℃ in a refrigerator.
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2.2.2 Preparation of CeO2 NP suspensions
CeO2 NP stock suspension was sonicated in an ultrasonic bath (CPX2800H,
Branson Ultrasonics Corporation, Danbury, CT) with settings of 110 W for power
(maximum power) and 40 KHz for frequency for 30 minutes prior to use. A diluted CeO2
NP suspension (25 mg/L) was obtained by mixing 10 mL of CeO2 NP stock suspension
with 90 mL of solution with specific IS in the absence and presence of SRHA or SRFA.
The pH values, which ranged from 1 to 14 for the diluted CeO2 NP suspensions (25 mg/L),
were adjusted with HCl or NaOH (BDH®, VWR International, LLC, Radnor, PA)
at different concentrations (0.01, 0.1, and 1 M) and measured with a FiveEasyä Plus pH
meter (Mettler-Toledo, Colombus, OH). Once the pHPZC was determined from the analysis
of the zeta potential measurements, two other pHs, which were above and below the pHPZC,
were selected for the later three pH region experiments.
Four concentrations (0.05, 0.1, 0.5, and 1 mM) and one control (0 mM) of NaCl
(Fisher Scientific, Fair Lawn, NJ) and CaCl2 (Amresco, Solon, OH) were prepared to
obtain specific IS for each CeO2 NP suspension. In addition, HA (5 mg/L) and FA (0.14
mg/L) were prepared using the specific IS concentration solutions (0, 0.1, and 1 mM) to
obtain specific HS and IS conditions for each CeO2 NP suspension.
Then, three pHs, greater than, equal to, and less than the pHPZC, were adjusted to
obtain different pH-IS and pH-HS system suspensions. All the suspensions in the different
pH-IS or pH-HS systems were prepared by diluting 250 mg/L CeO2 NP stock suspension
with specific IS or specific HS and IS solutions in 100 mL beakers using a stirring magnetic
rotor on an electrical magnetic plate. The HCl and NaOH were used to adjust the pH of
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each suspension. The suspension was stirred until it reached the specific pH. All the
suspensions were prepared in four replicates (sets) for later DLS, ELS, UV-vis spectrum,
and sedimentation analyses. The solution chemistry of the CeO2 NP suspensions tested in
this study is summarized in Table 2.1.

2.2.3 Aggregation experiments
These diluted 25 mg/L CeO2 NP suspensions were sonicated with the Misonix S4000 ultrasonic liquid processor (50 amplitude and 45 W power) for 4 minutes before
testing. The aggregation behavior of CeO2 NPs was characterized by a NanoBrook 90Plus
Zeta Particle Size Analyzer (Brookhaven Instruments Corporation, Holtsville, NY). The
maximum value of automatic measurements for each run in this analyzer’s setting was 10.
Manual operation was needed between two runs for obtaining continuous data in
approximately 1 hour. The hydrodynamic diameters of CeO2 NPs in one set of pH-IS or
pH-HS system suspensions were analyzed by DLS over approximately one hour. Then the
zeta potentials of CeO2 NPs in another set of pH-IS or pH-HS system suspensions were
measured by ELS for an hour.

2.2.3.1 Particle size measurements
For particle size analysis, the hydrodynamic diameter of the CeO2 nanoaggregates
as a function of pH, ionic composition, SRHA and SRFA was determined using the
NanoBrook 90Plus Zeta Particle Size Analyzer. Dynamic light scattering (DLS)
measurements were used to establish the size of the CeO2 nanoaggregates. The DLS
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measurements were conducted by introducing the suspensions into BI-SCP plastic cells
(10W ´ 10L ´ 52H mm, 3.5 mL). DLS measurements were performed over a period time
of approximately 1 hour for each sample. DLS measurements were taken in a sequence of
31 runs, each run composed of 10 measurements with a 10 seconds time interval between
each measurement. The time elapsed between each run was calculated and shown in the
reporting of the DLS measurements. All measurements were performed at 25 ℃.

2.2.3.2 Zeta potential measurements
The zeta potential of the CeO2 nanoaggregates as a function of pH, ionic
composition, SRHA and SRFA was determined by using the NanoBrook 90Plus Zeta
Particle Size Analyzer. The analyses of zeta potential of the CeO2 nanoaggregates were
conducted by placing 1.5 mL of the nanoparticles suspension in BI-SCP plastic cells and
completing electrophoretic light scattering (ELS) measurements. ELS measurements at 25
℃ were conducted for each sample within 1 hour to establish the zeta potential of these
CeO2 nanoaggregates. ELS measurements were taken continuously, and the data were
collected and categorized every 10 minutes. The number of zeta potential measurements
within 1 hour varied because the setting for data reading was observations of less than 0.05
relative residual. Time elapsed between each run was accounted for in the reporting of the
ELS measurements.

2.2.4 Sedimentation experiments
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The ultraviolet-visible (UV-vis) spectra of each CeO2 NP suspension (3.5 mL) were
first collected over wavelengths 200 - 800 nm by a 10 mm path-length quartz cuvette
(VWR, Radnor, PA) in Cray 300 Bio UV-Visible Spectrophotometer (Varian, USA). The
background solutions of all pH-IS and pH-HS system suspensions or DI water were used
as the blanks. The UV-vis spectra showed a single peak centered on a specific wavelength.
The wavelength of each suspension was used for sedimentation analysis of absorbance
measurements over the course of 1 hour.

2.2.5 Aggregation kinetics analysis
Nanoparticle aggregation kinetics were determined by monitoring the
hydrodynamic radius α$ as a function of time (t). The initial rate of change of α$ was
proportional to the initial aggregation rate constant %&& , as well as the initial particle
concentration '( , and expressed as:
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The %&& was determined by using a linear correlation function to the experimental
data during the early stage of aggregation (i.e., the first 600 s) (Baalousha et al., 2013; Chen
et al., 2006; Li et al., 2010). The aggregation kinetics of each suspension were calculated
using the data of the hydrodynamic radius of CeO2 NPs obtained by DLS.

2.2.6 Derjaguin, Landau, Verwey, Overbeek (DLVO) theory
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The Derjaguin, Landau, Verwey, Overbeek (DLVO) theory (Derjaguin, 1940;
Derjaguin and Landau, 1941; Verwey and Overbeek, 1948) is used in this study to explain
the aggregation behaviors of CeO2 NPs under different environmental conditions. The
DLVO total interaction energy is determined by the sum of van der Waals attractive and
electrical double-layer repulsive forces that exist between two surfaces (Derjaguin, 1940;
Derjaguin and Landau, 1941; Verwey and Overbeek, 1948). The interaction between two
spherical particles can be analyzed in energy units by using DLVO theory (Butt and Kappl,
2010; Zhang, 2014) and expressed as the following:
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5 >7 = 4NOO( PE CQ& QR STU(−Vℎ) − I (Q&R + QRR )exp(−2Vℎ)L

(2.3)

(2.4)

where U is the total energy between two spherical particles, 5 ;<* is the van der Waals
interaction energy, 5 >7 is the electrostatic interaction energy, \] is the Hamaker constant
for CeO2 NPs in water (5.57×10-20 J) (Fang et al., 2016; Israelachvili, 1992), PE is equal
to 1/2R for monodispersed NPs, R is approximately equal to the hydrodynamic radius that
can be obtained from the measured hydrodynamic diameter by DLS, ℎ is the distance
between two particles, O is the dielectric constant of water (78.5), O( is the dielectric
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permittivity of a vacuum (8.854×10-12 C/(V∙ `)), Q& and QR are the surface potentials (mV)
of two NPs, V is the inverse of Debye length (nm) and the Debye length (nm) is V a& =
cc ef g
G
i jk

bRhd

, %l is Boltzmann constant (1.38 × 10-23 J/K), T is temperature (K), '@ is

Avogadro’s number (6.02×1023 mol-1), e is unit charge (1.602×10-19 C), I is the ionic
strength (M) and m = 0.5 ∙ ∑ rs tsR , rs is the molar concentration of one ionic species (u),
and ts is the valency of the ith ion.

2.3 Results
2.3.1 Effect of pH on CeO2 NPs
To establish the effect of pH on the stability of CeO2 NPs in DI water suspensions,
the variation of surface charge and average hydrodynamic diameter were measured using
ELS and DLS methods. Figure 2.1 shows the average zeta potential and hydrodynamic
diameter of CeO2 NPs of approximately 1-hour measurements as a function of pH values
ranging from extremely acidic (pH 1) to extremely basic (pH 14). The zeta potential of
CeO2 NPs was 10.28 ± 24.48 mV, and the average hydrodynamic diameter of CeO2 NPs
was 1056.85 ± 345.63 nm at pH 1. When the pH of aqueous suspension changed from
acidic to basic conditions (pH 2 - 12), the average zeta potential of CeO2 NPs varied from
positive values (e.g., 52.53 ± 10.26 mV at pH 4) to negative values (e.g., -52.76 ± 12.46
mV at pH 12), and the size of CeO2 nanoaggregate was stable around 100 nm except at pH
10. The pHPZC of CeO2 NPs in DI water was 10.2, where the surface charge of CeO2 NPs
was neutralized, i.e. zeta potential was close to 0 mV. The CeO2 NP nanoaggregate size

24

increased significantly (1202.14 ± 442.86 nm) at pH 10, which was close to pHPZC (Table
2.4). Additionally, the hydrodynamic diameter reached about 1500 nm, and the absolute
average zeta potential was less than 10 mV at pH 13 and 14. Figure 2.2 presents results
from the aggregation profiles, i.e., a series of aggregation experiments measuring the
hydrodynamic diameters of CeO2 NPs nanoaggregates as a function of time by DLS, over
pH values ranging from 1 to 14. The CeO2 NPs nanoaggregate size after about 1-hour
incubation reached the micron level at pH 1, 10, 13, and 14 (Fig. 2.2). However, the
hydrodynamic diameter of CeO2 NPs was found constant at other pH values (2 - 9 and 11
- 12) and close to 100 nm. The initial aggregation rate constant %&& , which represents the
aggregation kinetics, was larger than 0.80 nm/s at pH 1, 10 , 13, and 14 (Fig. 2.3). However,
%&& was less than 0.10 nm/s at other pH values (2 - 9 and 11 - 12).

2.3.2 Impact of pH and NaCl on stability of CeO2 NPs
The effects of NaCl concentrations on CeO2 NPs stability in three pH domains
representing the three electrostatic state – pH = 8.2 < pHPZC, pH = 10.2 = pHPZC, and pH =
12.2 > pHPZC – were examined by measuring the surface charge and size of nanoparticles
using ELS and DLS methods.

2.3.2.1 Positively charged CeO2 NPs in the presence of NaCl (pH = 8.2 < pHPZC)
The aggregation experiments were conducted at pH 8.2 (pH < pHPZC), where CeO2
NPs were positively charged in the absence of NaCl (Fig. 2.1). The aggregation profiles of

25

CeO2 NPs at pH value of 8.2 and in the presence of monovalent NaCl salt at various
concentrations are presented in Figure 2.4a.
The surface charge reflects the inclination of aggregation or stabilization of NPs.
In terms of time, the surface charge of CeO2 NPs in the presence of NaCl at each NaCl
concentration at each 10-minute interval in 1 hour was relatively stable. It is independent
of time at pH < pHPZC (Table 2.2, Fig. 2.9). However, when considering the concentration
of NaCl, the zeta potential decreased from around 21 mV to around 10 mV when
concentration of NaCl increased from 0 to 1 mM.
The results of hydrodynamic diameter measurements were the same as predicted
by the results of surface charge. CeO2 NPs were stable at pH < pHPZC when the
concentration of NaCl was less than 1 mM (Fig. 2.4a). When concentration of NaCl
reached 1 mM, the hydrodynamic diameter of CeO2 NPs in about 1 hour increased rapidly
by 122.28% during the first 100 seconds (188.74 ± 29.89 nm) and 1098.98% (1346.21 ±
221.29 nm) at ~ 1 hr, when compared to the controls during the first 100 seconds (84.91 ±
3.61 mm) and at ~ 1 hr (112.28 ± 2.11 mm), respectively (Table 2.5).
The aggregation rate constant %&& , which can also indicate the stability of NPs
under different conditions, is obtained by using linear regression of hydrodynamic radius
over 10 minutes in this experiment. The results of %&& also show the same prediction as
surface charge measurements. The %&& was 0.35 nm/s at 1 mM NaCl, which was larger
than values (< 0.02 nm/s) at other NaCl concentrations (Table 2.3).
The size distribution represents the hydrodynamic diameter of NPs in different size
ranges in order to analyze the size of NPs distributed at a time interval. When the
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concentration of NaCl was 1 mM, both the width of size distribution over time and the
hydrodynamic diameter of CeO2 NPs over time increased (Figs. A-5a and b). During the
first 100 seconds, 10% of hydrodynamic diameters of CeO2 NPs were distributed in 101 ~
150 nm, 40% in 151 ~ 200 nm and 50% in 201 ~ 400 nm (Fig. A-5a). At ~ 1 hr , 30% were
distributed in 1001 ~ 1200 nm, 40% in 1201 ~ 1400 nm, 10% in 1401 ~ 1600 nm, and 20%
in 1601 ~ 1800 nm (Fig. A-5b).
Knowing the zeta potential, the hydrodynamic diameter, and IS, the net energy can
be obtained using DLVO theory. The net energy barrier is also an indicator of the stability
of NPs. The larger net energy barrier means more stable NPs, while no barrier indicates
the inclination of aggregation of NPs. The results show that the net energy barrier
disappeared at 1 mM NaCl (Fig. 2.5a). This outcome shows the same prediction as surface
charge and hydrodynamic diameter measurements of CeO2 NPs.

2.3.2.2 Uncharged CeO2 NPs in the presence of NaCl (pH = 10.2 = pHPZC)
At pH = pHPZC, the surface of CeO2 NPs is neutralized in the absence of NaCl (Fig.
2.1). The aggregation profiles of CeO2 NPs at pH 8.2 and in the presence of monovalent
NaCl salt at various concentrations are presented in Figure 2.4b.
In the presence of NaCl, the absolute average zeta potential of CeO2 NPs varied
around 0 mV and was less than 20 mV (Table 2.2, Fig. 2.9). However, the surface charge
of CeO2 NPs was negative at 0, 0.05, and 1 mM of NaCl, but positive at 0.1 and 0.5 mM
of NaCl. The surface charge is independent of time at pH = pHPZC. The results of
hydrodynamic diameter, %&& , size distribution, and net energy barrier were the same as the
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prediction from the surface charge results, which suggests that CeO2 NPs were unstable in
the presence of NaCl at pH = pHPZC. The hydrodynamic diameter of CeO2 NPs under all
the NaCl concentrations grew with high rates and reached several microns after about 1hour incubation (Fig. 2.4b). For example, the hydrodynamic diameter of CeO2 NPs at 0.1
mM NaCl increased by 618.28% at ~ 1 hr (1430.52 ± 159.61 nm) when compared to the
hydrodynamic diameter during the first 100 seconds (199.16 ± 23.37 nm). The %&& under
all the NaCl concentrations (0.33 - 0.45 nm/s) was greater than those at pH 8.2 and pH 12.2,
and no concentration-dependent increase was observed (Table 2.3). When the
concentration of Na+ increased from 0 to 1 mM, both the width of size distribution over
time and the hydrodynamic diameter of CeO2 NPs over time increased (Figs. A-5c and d).
No energy barriers were found when concentration of Na+ was larger than 0.1 mM (Fig.
2.5b).

2.3.2.3 Negatively charged CeO2 NPs in the presence of NaCl (pH = 12.2 > pHPZC)
At pH = 12.2 (pH > pHPZC), the CeO2 NPs exhibited negative zeta potential values
in the absence of NaCl (Fig. 2.1). The aggregation profiles of CeO2 NPs at pH value of 8.2
and in the presence of monovalent NaCl salt at various concentrations are presented in
Figure 2.4b.
In the presence of NaCl, the average zeta potential of CeO2 NPs in 1 hour (0 – 60
min) was less than -30 mV (Table 2.2, Fig. 2.9). This finding indicates that CeO2 NPs are
stable at pH > pHPZC, which is also demonstrated by the results of hydrodynamic diameter, ,
size distribution, and net energy barrier. The hydrodynamic diameter of CeO2 NPs at this
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pH grew with low rates for all NaCl concentrations (Fig. 2.4c). For all NaCl concentrations,
the average hydrodynamic diameter of CeO2 NPs was less than 110 nm after around 1-hour
incubation. For example, the hydrodynamic diameter of CeO2 NPs at 0.5 mM NaCl
increased by only 19.87% at ~ 1 hr (102.39 ± 4.81 nm) when compared to the
hydrodynamic diameter during the first 100 seconds (85.42 ± 3.99 nm). The %&& was very
small (less than 0.02 nm/s) for concentrations of NaCl ranging from 0 to 1 mM (Table 2.3).
The width of size distribution over time and the hydrodynamic diameter of CeO2 NPs over
time changed slightly, but the size was distributed in the range of 50 - 150 nm (Figs. A-5 e
and f). The energy barriers were 3.10, 6.00, 4.73, and 2.30 kJ, for 0.05, 0.1, 0.5 and 1 mM
of Na+, respectively (Fig. 2.5c).

2.3.3 Impact of pH and CaCl2 on stability of CeO2 NPs
The effects of CaCl2 concentrations on CeO2 NPs stability in three pH domains
representing the three electrostatic state – pH = 8.2 < pHPZC, pH = 10.2 = pHPZC, and pH =
12.2 > pHPZC – were examined by measuring the surface charge and size of nanoparticles
using ELS and DLS methods.

2.3.3.1 Positively charged CeO2 NPs in the presence of CaCl2 (pH = 8.2 < pHPZC)
The aggregation profiles of CeO2 NPs at pH value of 8.2 and in the presence of
divalent CaCl2 salt at various concentrations are presented in Figure 2.4d. At pH 8.2 (pH <
pHPZC), at 0 - 10 min, the average zeta potential of CeO2 NPs decreased from 20.46 ± 11.12
mV to 16.21 ± 11.37 mV when the concentration increased from 0 to 0.1 mM of CaCl2,
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but it then increased to 21.41 ± 13.45 mV when the CaCl2 concentration increased to 1 mM
(Table 2.2, Fig. 2.9). However, different trends were found at 50 - 60 min. At 50 - 60 min,
the average zeta potential increased from 19.88 ± 12.47 mV to 27.65 ± 7.76 mV with the
increase of CaCl2 concentration (increased from 0 to 0.1 mM). It then decreased to 12.71
± 13.08 mV when the concentration of CaCl2 was 0.5 mM. It increased to 22.40 ± 7.50 mV
when the CaCl2 concentration was 1 mM. No obvious prediction could be made from the
results of zeta potential when CeO2 NPs were in the presence of CaCl2 at pH 8.2.
The hydrodynamic diameter of CeO2 NPs was greater at 1 mM CaCl2 than at other
CaCl2 concentrations (Fig. 2.4d). At ~ 1 hr, the average hydrodynamic diameter at 1 mM
CaCl2 (922.91 ± 89.41 nm) was 721.97% (112.28 ± 2.11 nm), 763.99% (106.82 ± 2.29 nm),
615.05% (129.07 ± 5.38 nm), and 426.62% (175.25 ± 11.86 nm) greater than at 0, 0.05,
0.1, and 0.5 mM CaCl2, respectively. This finding indicates that CeO2 NPs are unstable at
1 mM CaCl2. The same prediction can be demonstrated by %&& and size distribution. When
the concentration of CaCl2 was less than 1 mM, %&& was very small (0.01 nm/s) (Table 2.3).
At 1 mM CaCl2, %&& increased to 0.08 nm/s. When the concentration of CaCl2 was 1 mM,
both the width of size distribution over time and the hydrodynamic diameter of CeO2 NPs
over time increased (Figs. A-6 a and b). During the first 100 seconds, 90% of the
hydrodynamic diameter of CeO2 NPs were distributed in the range of 101 ~ 150 nm (Fig.
A-6a). Then after approximately 1 hour of incubation, at ~ 1 hr, both the width of size
distribution and hydrodynamic diameter increased: 10% of the hydrodynamic diameter of
CeO2 NPs was distributed in the range of 601 ~ 800 nm, 60% in the range of 801 ~ 1000
nm, and 30% in the range of 1001 ~ 1200 nm (Fig. A-6b).

30

However, the prediction from the result of hydrodynamic diameter differed little
from the prediction from the net energy analysis, which could be affected by the values of
zeta potential and IS. Net energy barrier disappeared at 0.5 and 1 mM of CaCl2 (Fig. 2.5d).
This evidence indicates that the CeO2 NPs are stable when the concentration of CaCl2 is
less than 0.5 mM, but unstable when the concentration of CaCl2 reaches 0.5 and 1 mM.

2.3.3.2 Uncharged CeO2 NPs in the presence of CaCl2 (pH = 10.2 = pHPZC)
The aggregation profiles of CeO2 NPs at pH value of 10.2 and in the presence of
divalent CaCl2 salt at various concentrations are presented in Figure 2.4e. At pH 10.2 (pH
= pHPZC), the average zeta potential of CeO2 NPs in the presence of CaCl2 varied about 0
mV (Table 2.2, Fig. 2.9), which indicates that CeO2 NPs are unstable and the surface charge
of CeO2 NPs is independent of time at pH = pHPZC. This prediction is also demonstrated
by the results of hydrodynamic diameter, %&& , size distribution, and net energy barrier. At
pH 10.2, hydrodynamic diameters under all the CaCl2 concentrations grew at very high
rates (Fig. 2.4e). At ~ 1 hr, the average hydrodynamic diameters were 1670.11 ± 229.21
nm, 1318.10 ± 125.18 nm, 1690.85 ± 210.69 nm, 1845.22 ± 175.04 nm and 3568.23 ±
552.86 nm, at 0, 0.05, 0.1, 0.5 and 1 mM of CaCl2, respectively. For example, the
hydrodynamic diameter of CeO2 NPs at 0.1 mM CaCl2 increased by 167.77% at ~ 1 hr
(1690.85 ± 210.69 nm) when compared to the hydrodynamic diameter during the first 100
seconds (631.45 ± 49.47 nm). %&& in the presence of CaCl2 was 0.25 - 0.50 nm/s at pH 10.2
(Table 2.3), which was greater than at pH 8.2 and 12.2. When the concentration of CaCl2
increased from 0 to 1 mM, the width of size distribution over time and the hydrodynamic
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diameter of CeO2 NPs over time increased (Figs. A-6c and d). For example, at 0.5 mM
CaCl2, during the first 100 seconds, 100% of the hydrodynamic diameters of CeO2 NPs
were in the range of 401 ~ 600 nm. Then after around 1-hour incubation, at ~ 1 hr, 10% of
the hydrodynamic diameters were in the range of 1401 ~ 1600 nm, 20% in 1601 ~ 1800
nm, 40% in 1801 ~ 2000 nm, and 30% in 2001 ~ 2200 nm. No energy barrier was found at
pH 10.2 (Fig. 2.5e).

2.3.3.3 Negatively charged CeO2 NPs in the presence of CaCl2 (pH = 12.2 > pHPZC)
The aggregation profiles of CeO2 NPs at pH value of 12.2 and in the presence of
divalent CaCl2 salt at various concentrations are presented in Figure 2.4f. At pH 12.2 (pH >
pHPZC), the average zeta potential in 1 hour was around -30 mV at 0, 0.05, 0.1, and 1 mM
CaCl2 (Table 2.2, Fig. 2.9). However, the zeta potential in 1 hour was -5.65 ± 20.67 mV at
0.5 mM CaCl2. This indicates that CeO2 NPs are unstable at 0.5 mM CaCl2, but stable at
other CaCl2 concentrations. The same prediction can be obtained from the results of the
other parameters, which are hydrodynamic diameter, %&& , and size distribution.
At pH 12.2 (pH > pHPZC), the rates of growth were low for all CaCl2 concentrations,
except for 0.5 mM of CaCl2 (Fig. 2.4f). At ~ 1 hr, the average hydrodynamic diameters
were 89.09 ± 1.56 nm, 99.74 ± 2.37 nm, 182.14 ± 5.52 nm, 1700.32 ± 287.78 nm and
101.85 ± 2.72 nm under 0, 0.05, 0.1, 0.5 and 1 mM of CaCl2, respectively. This result
indicates that CeO2 NPs in the presence of CaCl2 are stable at pH > pHPZC, except for 0.5
mM of CaCl2. For example, the hydrodynamic diameter of CeO2 NPs at 1 mM CaCl2
increased only by 2.64% at ~ 1 hr (101.85 ± 2.72 nm) when compared to the hydrodynamic
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diameter during the first 100 seconds (99.23 ± 5.87 nm). The %&& was very low (< 0.02
nm/s) at 0, 0.05, 0.1 and 1 mM CaCl2 (Table 2.3). However, %&& was 0.47 nm/s at 0.5 mM
CaCl2. When the concentration of CaCl2 was 0.5 mM, 20% of the hydrodynamic diameters
of CeO2 NPs were in the range of 201 ~ 400 nm, and 80% in 401 ~ 600 nm during the first
100 seconds (Fig. A-6e). After around 1-hour incubation, at ~ 1 hr, both the width of size
distribution over time and the hydrodynamic diameter of CeO2 NPs over time increased -20% were in the range of 1201 ~ 1400 nm, 20% in 1401 ~ 1600 nm, 40% in 1601 ~ 1800
nm, 10% in 1801 ~ 2000 nm, and 10% in 2201 ~ 2400 nm (Fig. A-6f). The values of energy
barriers were 6.60 and 0.51 kJ, for 0 and 0.05 mM CaCl2, respectively (Fig. 2.5f). However,
the prediction from all the parameters above was different from the prediction from the
result of the net energy barrier at 0.1 and 1 mM of CaCl2. No energy barrier was found for
0.1, 0.5 and 1 mM of CaCl2.

2.3.4 Impact of pH and HA on stability of CeO2 NPs
The effects of HA and cation (Na+ and Ca2+) concentrations on CeO2 NPs stability
in three pH domains representing the three electrostatic state – pH = 8.2 < pHPZC, pH =
10.2 = pHPZC, and pH = 12.2 > pHPZC – were examined by measuring the surface charge
and size of nanoparticles using ELS and DLS methods.

2.3.4.1 Positively charged CeO2 NPs in the presence of HA (pH = 8.2 < pHPZC)
The aggregation profiles of CeO2 NPs at pH value of 8.2 and in the presence of
monovalent NaCl or divalent CaCl2 salts as well as SRHA, all at various concentrations,
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are presented in Figure 2.6a. At pH 8.2 (pH < pHPZC), at 0 - 60 min, in the presence of HA,
when the concentration of NaCl increased from 0 to 1 mM, the average zeta potential of
CeO2 NPs increased from 7.98 ± 20.71 mV to 13.03 ± 9.68 mV (Table 2.2, Fig. 2.10).
However, it increased initially when the CaCl2 concentration increased from 0 to 0.01 mM,
then decreased when concentration of CaCl2 increased to 1 mM. The average zeta potential
of CeO2 NPs was less than 20 mV and close to 0 mV, which indicates the aggregation of
CeO2 NPs in the presence of HA and CaCl2 at pH 8.2. However, the other parameters did
not show the same prediction as zeta potential measurements.
At pH < pHPZC, in the presence of HA, the average hydrodynamic diameter of CeO2
NPs was smaller at 0.1 mM of NaCl/CaCl2 than at both 0 and 1 mM of NaCl/CaCl2 (Fig.
2.6a). For example, at ~ 1 hr, the hydrodynamic diameter of CeO2 NPs at 1 mM CaCl2
(1397.18 ± 209.50 nm) was 649.24% greater than at 0.1 mM (186.48 ± 8.47 nm) (Table
2.6). At ~ 1 hr, the average hydrodynamic diameter in the presence of HA was larger than,
or close to it in the absence of HA. For example, at ~ 1 hr, the hydrodynamic diameter of
CeO2 NPs at 0.1 mM NaCl in the presence of HA (183.78 ± 7.76 nm) was 65.05% greater
than in the absence of HA (111.35 ± 2.83 nm).
First %&& decreased then increased when the electrolyte concentration increased
from 0 to 1 mM. It was smaller at 0.1 and 1 mM NaCl/CaCl2 than at 0 mM of NaCl/CaCl2
(Table 2.3). In the presence of HA, at 0.1 mM of salt, %&& in the presence of NaCl was
smaller than in the presence of CaCl2. In the presence of HA, at 1 mM of salt, %&& in the
presence of NaCl was greater than in the presence of CaCl2.
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In the presence of HA, at pH 8.2, during the first 100 seconds, when concentration
of NaCl increased from 0 to 1 mM, the size distribution mainly decreased from 201 ~ 400
nm to 101 ~ 150 nm, and then increased to 151 ~ 200 nm (Fig. A-7a). In the presence of
HA, at pH 8.2, at ~ 1 hr, when the concentration of Na+ increased from 0 to 1 mM, the size
distribution mainly decreased from 1601 ~ 1800 nm to 151 ~ 200 nm, and then increased
to 1201 ~ 1400 nm (Fig. A-7b). In the presence of HA, at pH 8.2, during the first 100
seconds, when concentration of CaCl2 increased from 0 to 1 mM, the size distribution
mainly decreased from 201 ~ 400 nm to 101 ~ 150 nm, and then increased to 151 ~ 200
nm (Fig. A-7g). In the presence of HA, at pH 8.2, at ~ 1 hr, when the concentration of
CaCl2 increased from 0 to 1 mM, the size distribution mainly decreased from 1601 ~ 1800
nm to 151 ~ 200 nm, and then increased to 1401 ~ 1600 nm (Fig. A-7h).
No energy barrier was found at 1 mM of NaCl/CaCl2 in the presence of HA (Fig.
2.7a). The values of energy barriers were 4.23, 2.83, and 2.96 kJ at 0 mM of NaCl, 0.1 mM
of NaCl, and 0.1 mM of CaCl2, respectively. This finding indicates that at pH < pHPZC,
CeO2 NPs are unstable at 1 mM of NaCl/CaCl2.

2.3.4.2 Uncharged CeO2 NPs in the presence of HA (pH = 10.2 = pHPZC)
The aggregation profiles of CeO2 NPs at pH value of 10.2 and in the presence of
monovalent NaCl or divalent CaCl2 salts as well as SRHA, all at various concentrations,
are presented in Figure 2.6b. At pH 10.2 (pH = pHPZC), the absolute average zeta potential
of CeO2 NPs varied about 0 mV and was less than 22 mV (Table 2.2, Fig. 2.10). CeO2 NPs
were unstable in the presence of HA at pH = pHPZC. This conclusion can also be predicted
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by the results of hydrodynamic diameter, %&& , and size distribution. The average
hydrodynamic diameter of CeO2 NPs grew with high rates and reached the micron level in
the presence of HA after 1-hour incubation (Fig. 2.6b). For example, in the presence of HA,
the hydrodynamic diameter of CeO2 NPs at 0.1 mM CaCl2 increased by 236.61% at ~ 1 hr
(1584.86 ± 223.48 nm) when compared to the hydrodynamic diameter during the first 100
seconds (470.83 ± 39.34 nm). The %&& was in the range of 0.37 – 0.54 nm/s under all
concentrations of NaCl/CaCl2 in the presence of HA (Table 2.3). In the presence of HA, at
all the concentrations of NaCl/CaCl2 (0, 0.1, and 1 mM), both the width of size distribution
over time and the hydrodynamic diameter of CeO2 NPs over time increased (Figs. A-7c, d,
i, and j).
No energy barrier was found at 0.1 mM of NaCl, and at 0.1 and 1 mM of CaCl2
(Fig. 2.7b). The values of energy barriers were 6.87 and 4.70 kJ at 0 and 1 mM of NaCl.
This result indicates that at pH = pHPZC, CeO2 NPs are unstable in the presence of HA at
0.1 mM of NaCl, and at 0.1 and 1 mM of CaCl2. This prediction is different from the
prediction from the results of the other parameters above.

2.3.4.3 Negatively charged CeO2 NPs in the presence of HA (pH = 12.2 > pHPZC)
The aggregation profiles of CeO2 NPs at pH value of 12.2 and in the presence of
monovalent NaCl or divalent CaCl2 salts as well as SRHA, all at various concentrations,
are presented in Figure 2.6c. At pH 12.2 (pH > pHPZC), the average zeta potential of CeO2
NPs was less than -30 mV during the 1-hour incubation in the presence of HA and

36

NaCl/CaCl2 (Table 2.2, Fig. 2.10), which indicates that CeO2 NPs are stable in the presence
of HA at pH > pHPZC.
The growth of hydrodynamic diameter of CeO2 NPs was slow for all suspensions
in the presence of HA over 1 hour (Fig. 2.6c). At ~ 1 hr, the average hydrodynamic
diameter of CeO2 NPs was less than 120 nm. For example, in the presence of HA, the
hydrodynamic diameter of CeO2 NPs at 1 mM NaCl increased only by 20.74% at ~ 1 hr
(93.86 ± 1.91 nm) when compared to the hydrodynamic diameter during the first 100
seconds (77.74 ± 2.31 nm). This finding also indicates that CeO2 NPs are stable in the
presence of HA at pH > pHPZC. The same prediction is also obtained from the other
parameters. The %&& was less than 0.02 nm/s at pH 12.2 for all suspensions in the presence
of HA (Table 2.3). In the presence of HA, during the first 100 seconds, when concentration
of NaCl increased from 0 to 1 mM, the size distribution remained in the range of 51 ~ 100
nm (Fig. A-7e). At ~ 1 hr, when the concentration of NaCl increased from 0 to 1 mM, the
size distribution remained mainly in the range of 51 ~ 100 nm (Fig. A-7f). In the presence
of HA, during the first 100 seconds, when concentration of CaCl2 increased from 0 to 0.1
mM, the size distribution remained in the range of 51 ~ 100 nm (Fig. A-7k). When
concentration of CaCl2 increased from 0.1 to 1 mM, the size distribution increased from 51
~ 100 nm to 101 ~ 150 nm. At ~ 1 hr, when concentration of CaCl2 increased from 0 to 1
mM, the size distribution mainly increased from 51 ~ 100 nm to 101 ~ 150 nm (Fig. A-7l).
Net energy barriers were 10.4, 27.3 and 18.4 kJ, at 0, 0.1 and 1 mM of NaCl, respectively
(Fig. 2.7c). The net energy barriers were 20.5 and 4.16 at 0.1 and 1 mM of CaCl2,
respectively.
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2.3.5 Impact of pH and FA on stability of CeO2 NPs
The effects of FA and cation (Na+ and Ca2+) concentrations on CeO2 NPs stability
in three pH domains representing the three electrostatic state – pH = 8.2 < pHPZC, pH =
10.2 = pHPZC, and pH = 12.2 > pHPZC – were examined by measuring the surface charge
and size of nanoparticles using ELS and DLS methods.

2.3.5.1 Positively charged CeO2 NPs in the presence of FA (pH = 8.2 < pHPZC)
The aggregation profiles of CeO2 NPs at pH value of 8.2 and in the presence of
monovalent NaCl or divalent CaCl2 salts as well as SRFA, all at various concentrations,
are presented in Figure 2.6d. At pH < pHPZC, in the presence of FA, the average zeta
potential of CeO2 NPs was less than -35 mV at 0, 0.1, 1 mM of NaCl and at 0.1 mM of
CaCl2 (Table 2.2, Fig. 2.10). However, the average zeta potential of CeO2 NPs ranged from
-23 to -26 mV at 1 mM of CaCl2.
At ~ 1 hr, the average hydrodynamic diameter of CeO2 NPs in the presence of FA
was less than 110 nm (Fig. 2.6d). For example, in the presence of FA, the hydrodynamic
diameter of CeO2 NPs at 0.1 mM NaCl only increased by 9.12% at ~ 1 hr (101.87 ± 3.36
nm) when compared to the hydrodynamic diameter during the first 100 seconds (93.36 ±
1.95 nm) (Table 2.7). This result indicates that FA stabilizes CeO2 NPs at pH < pHPZC. The
same prediction can be obtained from the results of and size distribution. Thus %&& was
less than 0.02 nm/s at pH 8.2 for all suspensions in the presence of FA (Table 2.3). In the
presence of FA, when concentration of NaCl increased from 0 to 1 mM, the size
distribution remained in the range of 51 ~ 100 nm during the first 100 seconds at pH 8.2
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(Fig. A-8a). At ~ 1 hr, when concentration of NaCl increased from 0 to 1 mM, the size
distribution mainly remained in the range of 101 ~ 150 nm, and the percentage of size was
distributed in the range of 101 ~ 150 nm increased from 50% to 100% (Fig. A-8b). In the
presence of FA, during the first 100 seconds, when concentration of CaCl2 increased from
0 to 1 mM, the size distribution remained in the range of 51 ~ 100 nm (Fig. A-8g). At ~ 1
hr, the size distribution mainly decreased from 101 ~ 150 nm to 51 ~ 100 nm, when
concentration of CaCl2 increased from 0 to 1 mM (Fig. A-8h).
However, the result of net energy barrier was different from the other parameters
at 1 mM of CaCl2. In the presence of FA, energy barriers existed at all salt concentrations,
except for 1 mM CaCl2 (Fig. 2.8a).

2.3.5.2 Uncharged CeO2 NPs in the presence of FA (pH = 10.2 = pHPZC)
The aggregation profiles of CeO2 NPs at pH value of 10.2 and in the presence of
monovalent NaCl or divalent CaCl2 salts as well as SRFA, all at various concentrations,
are presented in Figure 2.6e. At pH = pHPZC, the average zeta potential of CeO2 NPs was
less than -30 mV in the presence of FA and NaCl (Table 2.2, Fig. 2.10). The average zeta
potential of CeO2 NPs was -15 to -32 mV in the presence of FA and CaCl2.
The results of hydrodynamic diameter, %&& , and size distribution indicate that CeO2
NPs are stable in the presence of FA at pH 10.2. At ~ 1 hr, the average hydrodynamic
diameter of CeO2 NPs in the presence of FA was less than 105 nm (Fig. 2.6e). For example,
in the presence of FA, the hydrodynamic diameter of CeO2 NPs at 1 mM CaCl2 increased
only by 25.28% at ~ 1 hr (97.02 ± 2.96 nm) when compared to the hydrodynamic diameter
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during the first 100 seconds (77.44 ± 4.25 nm). The %&& was less than 0.02 nm/s at pH 10.2
for all suspensions in the presence of FA (Table 2.3). In the presence of FA, at pH 10.2,
during the first 100 seconds, when concentration of NaCl increased from 0 to 1 mM, the
size distribution mainly remained in the range of 51 ~ 100 nm (Fig. A-8c). At ~ 1 hr, the
size distribution mainly remained in the range of 101 ~ 150 nm, when concentration of
NaCl increased from 0 to 1 mM (Fig. A-8d). In the presence of FA, during the first 100
seconds, the size distribution remained in the range of 51 ~ 100 nm, when the concentration
of CaCl2 increased from 0 to 1 mM (Fig. A-8i). At ~ 1 hr, when the concentration of CaCl2
increased from 0 to 1 mM, the size distribution mainly decreased from 101 ~ 150 nm to 51
~ 100 nm (Fig. A-8j).
However, at pH 10.2, the net energy barrier existed in the presence of FA and
NaCl/CaCl2, except that the net energy barrier was 0 kT at 1 mM CaCl2 (Fig. 2.8b). This
finding indicates that CeO2 NPs are not stable at 1 mM of CaCl2.

2.3.5.3 Negatively charged CeO2 NPs in the presence of FA (pH = 12.2 > pHPZC)
The aggregation profiles of CeO2 NPs at pH value of 10.2 and in the presence of
monovalent NaCl or divalent CaCl2 salts as well as SRFA, all at various concentrations,
are presented in Figure 2.6f. At pH 12.2 (pH > pHPZC), at 0 - 1 h, the average zeta potential
varied from -24 to -38 mV for all suspensions in the presence of FA (Table 2.2, Fig. 2.10),
a factor that indicatesCeO2 NPs are stable at pH 12.2. The same prediction can be obtained
from results of all the parameters below as the result of zeta potential measurements.
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The average hydrodynamic diameter of CeO2 NPs grew at low rates in the presence
of FA, and the average hydrodynamic diameter was less than 120 nm (Fig. 2.6f). For
example, in the presence of FA, the hydrodynamic diameter of CeO2 NPs at 1 mM NaCl
only increased by 14.36% at ~ 1 hr (94.35 ± 3.49 nm) when compared to the hydrodynamic
diameter during the first 100 seconds (82.50 ± 1.77 nm). The %&& was less than 0.02 nm/s
at pH 12.2 for all suspensions in the presence of FA (Table 2.3). At pH 12.2, in the presence
of FA, during the first 100 seconds, when the concentration of NaCl increased from 0 to 1
mM, the size distribution remained in the range of 51 ~ 100 nm (Fig. A-8e). At ~ 1 hr,
when the concentration of NaCl increased from 0 to 1 mM, the size distribution mainly
decreased from 101 ~ 150 nm to 51 ~ 100 nm (Fig. A-8f). In the presence of FA, during
the first 100 seconds, when the concentration of CaCl2 increased from 0 to 1 mM, the size
distribution remained in the range of 51 ~ 100 nm (Fig. A-8k). At ~ 1 hr, when the
concentration of CaCl2 increased from 0 to 1 mM, the size distribution mainly decreased
from 101 ~ 150 nm to 51 ~ 100 nm (Fig. A-8l). In the presence of FA, net energy barriers
existed under all electrolyte concentrations at pH 12.2 (Fig. 2.8c).

2.4 Discussion
The stability of NPs derives from their ability to remain unchanged over time under
certain conditions. The importance of studying the stability of CeO2 NPs is that their
stability affects their transport, retention, bioavailability and toxicity while posing potential
risks to the environment and human health. The stability of CeO2 NPs and other types of
NPs under different solution chemistry conditions is summarized in Table 2.8.
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2.4.1 Effect of pH on the stability of CeO2 NPs (Homoaggregation)
The pH is one of the water chemistry parameters that affect NPs aggregation by
controlling the charge on the surface of NPs (Thio et al., 2011). At low and high pH, the
aggregation was extremely constrained, and was enhanced as pH approached pHPZC
(Guzman et al., 2006; Palomino et al., 2013).
Homoaggregation, a term which refers to two similar particles aggregation (Hotze
et al., 2010) of two CeO2 NPs, was affected by the changing pH conditions presented in
this study. Stability of CeO2 NPs in aqueous systems is different at different pH domains.
In our study, CeO2 NPs were stable at pH < pHPZC (expect for 1 mM of NaCl/CaCl2) and
pH > pHPZC (except for 0.5 mM CaCl2); however, the aggregation was enhanced at pH =
pHPZC.
The phenomena and explanations of the aggregation and stability of CeO2 NPs in
three pH domains (pH < pHPZC, pH = pHPZC, and pH > pHPZC) in our research are
summarized below.
At pH < pHPZC, the average hydrodynamic diameter of CeO2 NPs at 1 mM of salt
during the first 100 seconds (approximately 165 nm) was much lower than that at ~ 1 hr
(above 1000 nm) (Figs. 2.4a and d). The CeO2 NPs were stable at no or low concentration
of electrolytes (< 1 mM) and were unstable at higher concentration (1 mM) of electrolytes.
This conclusion was demonstrated by the results of DLVO theory analysis on the net
energy interaction among CeO2 NPs: the repulsive energy barriers were found at 0 - 0.5
mM NaCl/CaCl2, but not shown at 1 mM NaCl/CaCl2 (Figs. 2.5a and d).
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The explanation could be that at pH < pHPZC, surface protonation occurs when the
protons adsorb to the hydration layer capped on CeO2 NPs. This action prevents the further
aggregation of CeO2 NPs. When suspensions occur in the absence of electrolyte or in the
presence of low electrolyte, the repulsive interaction dominates attractive interaction due
to the large distance separations between CeO2 NPs. However, the increase of electrolyte
concentration leads to the compression of double layer of CeO2 NPs and reduces the
stability of CeO2 NPs. The strongly positively charged surface of CeO2 NPs at pH < pHPZC
resulted in the predominated role of electrostatic repulsion over attraction; thus the stability
of CeO2 NPs was enhanced. Similarly, due to the same mechanism above, the low pH
enhanced CeO2 NP mobility, a result which can be attributed to the increased stability of
CeO2 NPs (Zhang et al., 2016). The similar influence of electrolyte on the stability of CeO2
NPs was found -- CeO2 NPs were stable at the low NaCl concentrations (< 10 mM) and
unstable at higher NaCl concentrations (>10 mM). The positive zeta potentials were also
found for three different synthesized CeO2 NPs, which had isoelectric points at pH 5.8, 7.6,
and 6.5 (Buettner et al., 2010). The uncoated CeO2 NPs showed positive zeta potentials at
pH less than its pHPZC (pH 6.8 ± 0.1) (Oriekhova and Stoll, 2016b). In addition, at pH 4.5
(i.e. pH < pHPZC), TiO2 NPs nanoaggregate size was substantially greater, and size
distribution became boarder at a higher IS (0.165 M) in the presence of NaCl/CaCl2 (French
et al., 2009). However, no obvious aggregation was shown at a lower IS (0.0045 M).
At pH = pHPZC, the largest aggregation sizes were obtained. This finding
corresponded to the close-to-zero average zeta potentials (Table 2.2), the large values of
average hydrodynamic diameter of CeO2 NPs (1300 - 3600 nm) at ~ 1 hr (Figs. 2.4b and
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e), and the lack of repulsive energy barrier (0 kT) (Figs. 2.5b and e). This outcome suggests
that at pH = pHPZC, the electrostatic attraction is predominant over the repulsion, and
destabilization behavior exists in the suspensions. A similar explanation was addressed that
when pH was close to pHPZC (pH 6.5), the protons increased and reacted with the functional
groups (e.g. carboxyl groups) with negative surface charge, which reduced the surface
charge of CeO2 NPs to the benefit the of the aggregation (Zhang et al., 2016). Oriekhova
et al. reported that the average hydrodynamic diameter of CeO2 NPs reached up to 2000
nm at pH = pHPZC (Oriekhova and Stoll, 2016b). The CeO2 NPs (10 mg/L) in Quik’s study
had pHPZC equal to pH 8 (Quik et al., 2010). The differences among all the studies
associated with pHPZC of CeO2 NPs may be caused by factors such as the nanoparticles
were purchased from different manufacturer with different synthesized techniques, their
concentrations varied in the experiments, and their solution conditions or medium varied.
Similarly, pHPZC values for TiO2 NPs varied due to the technique used and constituents
introduced during their synthesis (Chen et al., 2018). In addition, the enhanced aggregation
behavior of other types of NPs is also found when the surface charge of NPs is close to the
pHPZC. When the pH reached the range of 5 - 8, large TiO2 nanoaggregates were formed,
suggesting that neutralization is the main driving force in the formation of nanoaggregates
(Palomino et al., 2013).
The enhanced aggregation behavior at pH = pHPZC in our research can be explained
by the fact that surface charge neutralization of CeO2 NPs occurs due to the interaction of
hydroxyl ions with the surface of CeO2 NPs. The condensation reaction, which is the
inverse of hydrolysis, can be expressed as below (Jolivet et al., 2000):
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M-OH2+ + OH- = M-OH + H2O

(2.5)

where M-OH2+ stands for the products after the interactions among CeO2 NPs - water
interface and H+.
The hydrolysis reaction mechanism was used to demonstrate the impact of pH on
aggregation of TiO2 NPs by adding FeCl3 (Hongtao Wang et al., 2014) and on aggregation
of iron oxide nanoparticles (Baalousha et al., 2008). The hydrolysis complex structure of
C60 NPs was also considered as the reason for the decrease of pH resulting in the decrease
of absolute zeta potential (Yang et al., 2013). In addition, at pH = pHPZC, the maximum
aggregation sizes were observed for TiO2, titanate nanotubes, and titanate nanotubes-TiO2
(800 – 1300 nm) (W. Liu et al., 2013) and for ZnO NPs (1802 nm) (Mohd Omar et al.,
2013). The destabilization was also found for ZnO NPs at pH 9, which was close to pHPZC
(9.2) (Bian et al., 2011).
At pH > pHPZC, the surface deprotonation continues processing the large amount of
OH- interacting with surface of CeO2 NPs. The large amount of OH- adsorbed on the
surface of CeO2 NPs leads to the strongly negatively charged and stable CeO2 NPs (close
to or less than - 30 mM) at pH 12.2 (Table 2.2). Small CeO2 nanoaggregates were found
after about 1-hour incubation, which were less than 190 nm as shown in Figures 2.4c and
e (except for 0.5 mM of CaCl2). Similarly, the homoaggregation of CeO2 NPs at pH 11,
which was larger than its pHPZC, was enhanced with the increase of NaCl and CaCl2 until
they reached their CCC values (Buettner et al., 2010). In addition, the negatively charged
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TiO2 NPs (the zeta potential was about -55 mV) were stable (the average hydrodynamic
diameter was around 120 nm) at a high pH (Palomino et al., 2013). Corresponding to the
small CeO2 nanoaggregates, small aggregate rates (< 0.02 nm/s) were obtained in our study.
Low aggregation rate (i.e. close to 0 nm/min) was also obtained for negatively charged
TiO2 NPs (the zeta potential was -38.7 mV) at pH > pHPZC (Zhu et al., 2014). At pH 11 12 (pH > pHPZC = 7.8), small nanoaggregates (< 50 nm) were formed at a low concentration
of iron oxide NPs (< 50 mg/L) (Baalousha, 2009). Moreover, at pH 9 (pH > pHPZC), the
Fe3O4 NPs were more unstable in the presence of divalent cations (e.g. Ca2+) than in the
presence of monovalent cations (Na+) (Wang et al., 2017). The size of Ag NPs was below
100 nm - at pH 8 because of the negative zeta potential caused by the negatively charged
OH- (Fernando and Zhou, 2019).

2.4.2 Stability of CeO2 NPs with HA and FA (Heteroaggregation)
In our study, HA stabilized CeO2 NPs under pH > pHPZC; however, the aggregation
was enhanced at pH = pHPZC and in the presence of 0 and 1 mM of NaCl/CaCl2 at pH <
pHPZC. FA stabilized CeO2 NPs at all three pHs (pH >, =, and < pHPZC) and under all
electrolyte concentrations (0 – 1 mM of NaCl or CaCl2).
Heteroaggregation refers to the dissimilar particle aggregation (Hotze et al., 2010).
The mechanisms of heteroaggregation between SRHA or SRFA and CeO2 NPs were
different from the mechanisms of homoaggregation between CeO2 NPs. The adsorbed
NOM on the NP surface not only increased electrostatic repulsive forces between NPs but
also caused steric forces and thus reduced aggregation of NPs (Delay et al., 2011;

46

Vindedahl et al., 2016; Xu, 2018). In addition, the sorption of NOM on the particles can
facilitate the cation bridging and enhance the heteroaggregation of NOM and particles (e.g.
graphene oxide) (Shen et al., 2019). Moreover, NOM can also neutralize the positive
surface charge of NPs and enhance the aggregation (Chen et al., 2018). Therefore, the
heteroaggregation state and stability of CeO2 NPs in the presence of HA or FA were
complex and also affected by pH and ionic composition and concentration.

2.4.2.1 Stable CeO2 NPs with HA
The CeO2 NPs were stable in this research after about 1-hour incubation in terms
of the zeta potential (the absolute value was near to, or larger than, 30 mV), the average
hydrodynamic diameter (less than 120 nm), and the change of absorbance (within 2%) of
CeO2 NPs in the presence of HA at all NaCl/CaCl2 concentrations (0 - 1 mM) at pH 12.2
(Table 2.2, Fig. 2.6c, and Fig. A-3). The dispersion of CeO2 NPs by HA at pH > pHPZC
may account for the electro-steric stabilization, which is caused by the steric repulsion
between the complexes of CeO2 NPs and negatively charged HA. This finding agrees with
studies of the stabilization of CeO2 NPs by NOM, especially by HA (Li and Chen, 2012;
Van Hoecke et al., 2011) and other types of NPs (Frederic et al., 2013; Ghosh et al., 2008;
Thio et al., 2011; Hongtao Wang et al., 2014; Huanhua Wang et al., 2014). HA enhanced
stability of NPs due to electrostatic and steric stabilization mechanisms (Chekli et al., 2013;
Erhayem and Sohn, 2014; Furman et al., 2013; Mohd Omar et al., 2013; Qu et al., 2010).
The low average hydrodynamic diameter (< 1000 nm) of CeO2 NPs in the presence of
NOM was found at a high pH and low IS (Van Hoecke et al., 2011). HA played an
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important role in stabilizing the TiO2 NPs and forming small size nanoaggregates (around
250 nm) in natural waters due to the impact of electrostatic repulsion and steric repulsion
(Thio et al., 2011). The TiO2 NPs surface was covered by the HA molecules, and the
aggregation was inhibited at a high pH (Hongtao Wang et al., 2014). We also found that
CeO2 NPs were more stable in the presence of HA at pH > pHPZC than at other pHs in our
study. Similarly, at pH > pHPZC, with the increase of HA (from 0 to 1 mg/L), zeta potentials
decreased from < -20 mV to -25.8 mV and from -30 mV to -35.65 mV for anatase TiO2
NPs and rutile TiO2 NPs, respectively, and the size was around 120 nm at 1 mg/L HA
indicating HA stabilized TiO2 NPs (Chen et al., 2018). However, at pH < pHPZC, the
increase of HA (0 to 1 mg/L) neutralized the positively charged TiO2 NPs, resulting in
close to 0 mV zeta potentials (-4 mV for anatase TiO2 NPs and -9 mV for rutile TiO2 NPs)
and unstable TiO2 NPs. In another example, at basic pH (pH 8 and 10), Ag NPs were stable
with small hydrodynamic diameter (around 120 nm) in the presence of SRHA (Akaighe et
al., 2013).
Inhibited aggregation was also found in the presence of HA at 0.1 mM of salt (NaCl
or CaCl2) at pH 8.2 (Table 2.2, Fig. 2.6a, and Fig. A-3a) due to the low %&& values of CeO2
NPs (less than 0.05 nm/s). The stability of CeO2 NPs is higher than predicted by the values
of average zeta potential at pH < pHPZC, a finding that indicates that steric stabilization
inhibits the growth of CeO2 nanoaggregates (Wagner et al., 2014).

2.4.2.2 Unstable CeO2 NPs with HA
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In this research, the average hydrodynamic diameter larger than 1500 nm (Figs.
2.6a and b), the absolute average zeta potential value less than 20 mV (Table 2.2), the
aggregation rate larger than 0.35 nm/s (Table 2.3), and the values of repulsive energy
barriers smaller than 7 kT (Fig. 2.7a) indicated that the CeO2 NPs were unstable in the
presence of HA under 0 and 1 mM of salt (NaCl or CaCl2) at pH 8.2 and in the presence of
HA at all NaCl/CaCl2 concentrations (0 - 1 mM) at pH 10.2. The possible mechanisms and
explanations for the unstable CeO2 NPs at different pH and salt concentrations are
summarized below.
The reason that CeO2 NPs are unstable in the presence of HA at all Na+ or Ca2+
concentrations (0 - 1 mM) at pH = pHPZC may be that the protons predominate and
neutralize the surface charge of CeO2 NPs, though negatively charged HA exists in the
systems. This instability also indicates that 5 mg/L HA is not enough to stabilize CeO2 NPs
(25 mg/L) at pH 10.2.
The reason that CeO2 NPs are destabilized at pH < pHPZC in the presence of HA in
the absence of salt may be that HA adsorption on the partial surface of CeO2 NPs results
in the increase of hydrophobicity of CeO2 NPs and promotes aggregation, an explanation
also stated by Chen’s team (Chen et al., 2018; Ghosh et al., 2008). HA neutralized the
positive charges on the surface of CeO2 NPs at pH < pHPZC leading to decreased repulsive
forces between NPs and more aggregation. HA can lead to charge neutralization and
destabilize NPs (Hsiung et al., 2016; Wang et al., 2016). Similar phenomena and
mechanisms were also identified for magnetite NPs (Hu et al., 2010). In the Hu’s study,
the researchers also found that HA can increase the aggregation of magnetite NPs with
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changing pH conditions. In the presence of low HA concentrations (2 and 3 mg/L), the
aggregation was enhanced at low pHs. The enhanced aggregation of CeO2 NPs at 1 mM
NaCl, compared to at 0.1 mM NaCl, is due to the compression of electrical double layers
caused by an increase of IS. Similarly, little impact of steric repulsion of NOM on the
stability of CeO2 NPs was found by Quik et al. (2010). The aggregation of CeO2 NPs was
enhanced (i.e. the average hydrodynamic diameter increased from 173 to 253 nm) with the
increase of electrolytes content in NOMs (Quik et al., 2010). At low acidic pH and high IS,
Ag NPs were unstable in the study of transport and deposition of SRHA formed Ag NPs
(Akaighe et al., 2013). A different kind of destabilization of CeO2 NPs was found in Li and
Chen’s research. They found that aggregation of CeO2 NPs was enhanced in the presence
of HA, at a high concentration of CaCl2 (80 mM) and at pH 5.7 (pH < pHPZC) (Li and Chen,
2012). However, they ascribe the aggregation to the bridging attraction between CeO2 NPs,
that is caused by HA aggregates and Ca2+ complexation. This type of aggregation of CeO2
NPs is due to the bridging effect between CeO2 NPs caused by aggregation of HAs, which
is due to inter-molecule bridging via Ca2+/H+ complexation (Chen and Elimelech, 2007).
In our study, the enhanced aggregation was found in the presence of HA at 1 mM of Ca2+
at pH 8.2, where the average zeta potential was about 10 mV (Table 2.2), the average
hydrodynamic diameter was larger than 1300 nm after around 1-hour incubation (Fig. 2.6a),
and the slope of growth of CeO2 NPs in the hydrodynamic diameter was larger than 0.10
nm/s (Table 2.3). Similarly, the bridging attraction between CeO2 NPs induced by the
aggregation of HA via Ca2+ was also found when the CeO2 NPs were in the presence of
HA and under high concentrations of Ca2+ (Li and Chen, 2012). The CeO2 NPs were more
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unstable at a higher IS in the presence of NOM, and the CeO2 nanoaggregates were larger
than 1000 nm (Van Hoecke et al., 2011). Similar aggregation behavior due to the intermolecule bridging effect has been found among other types of NPs, such as C60 NPs (Chen
and Elimelech, 2007) and Ag NPs (Huynh and Chen, 2011). In addition, NPs (e.g. Ag NPs
or C60) in the systems of SRHA or SRNOM were more unstable with high divalent cations
than with monovalent cations (Akaighe et al., 2012; Shen et al., 2015). The bridging effect
of NOM and Ca2+ increased the aggregation of other types of NPs, such as citrate-coated
gold nanoparticles (J. Liu et al., 2013), iron oxide NPs (Chekli et al., 2014) and other types
of NPs (Zhang et al., 2009). In another example, the aggregation of silicon NPs were
enhanced in the presence of SRHA and Ca2+ due to the bridging effect of SRHA with Ca2+
overweighing the compression of the electrical double layer between NPs by Ca2+ (Liu et
al., 2011).

2.4.2.3 Stable CeO2 NPs with FA
In this research, the CeO2 NPs were very stable in the presence of FA (0.14 mg/L)
at all three pHs (8.2, 10.2, and 12.2) and under all electrolyte concentrations (0 – 1 mM of
NaCl or CaCl2). This finding indicates that lower concentration of FA in our study can
completely coat the surface of CeO2 NPs and strongly stabilize CeO2 NPs due to steric
hindrance and increased electrostatic repulsion, which was indicated by the high absolute
zeta potential values. In recent studies about the influence of FA on the stability of CeO2
NPs, the similar phenomenon of prevention of aggregation of CeO2 NPs was found.
Oriekhova and Stoll found that CeO2 NPs were stable at pH 8 (the average hydrodynamic
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diameter < 210 nm) in the presence of 2 mg/L of FA (Oriekhova and Stoll, 2016b). In their
other research, they reported that the negative zeta potential and the small average
hydrodynamic diameter (no larger than 220 nm) were due to the formation of CeO2 NPs FA complexes, which were shown on the SEM image (Oriekhova and Stoll, 2016a).
Similar stable nanoaggregates are present among other types of NPs. The increase of
surface charge and formation of surface coating caused by FA was also evidenced in the
study of cit-AgNPs, where adsorption of FA on cit-AgNPs led to electro-steric stabilization
(Baalousha et al., 2013). In the presence of FA and a high IS, the TiO2 NPs were stabilized
(Domingos et al., 2009). Similarly, the FA adsorption to other types of NPs (e.g. TiO2 NPs,
C60 NPs, Ag NPs, iron oxide NPs) and stabilizing effects of FA on NPs were attributed to
steric effects and compression of the diffusive layer of both NPs and FAs (Baalousha et al.,
2013; Domingos et al., 2009; W. Zhang et al., 2013).
FA has lower molecular weight (500 - 2000 g/mol) than HA (1000 – 10000 g/mol)
(Baalousha et al., 2006; Furman et al., 2013; Ritchie and Perdue, 2003). In many studies,
HA proved to be more effective than FA on stabilizing NPs (Gunsolus et al., 2015;
Mashayekhi et al., 2012; W. Zhang et al., 2013). However, in our research, FA (0.14 mg/L)
showed higher stability than CeO2 NPs in the presence of HA (5 mg/L) at all three alkaline
pH levels. This phenomenon suggests that FA has stronger electrostatic interactions than
HA at all three alkaline pH levels. The reason may be that FA is more aromatic and thus
has increased phenolic groups ionization and low hydrogen interaction forming open
structures than HA in alkaline pH (Da Costa Saab et al., 2010; Sposito, 2008).
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2.5 Conclusion
Our research provides a framework for understanding the stability and aggregation
of engineered nanoparticles, CeO2 NPs, in aqueous systems. The authors conducted a series
of experiments to elucidate the physical and chemical interaction mechanisms that govern
the colloidal stability and aggregation kinetics of CeO2 NPs under the influence of soil and
water abiotic factors – pH, ionic composition (monovalent NaCl and divalent CaCl2 salts),
and SRHA and SRFA. Experimental results showed that the solution chemistry impacted
the colloidal stability and aggregation kinetics of CeO2 NPs. As a first key finding, this
study showed the role of pH and salt on the aggregation kinetics and colloidal stability of
CeO2 NPs. The zeta potential of CeO2 NPs, with pHPZC of 10.2, decreased (from positive
to negative) with increasing solution pH. The diameter of CeO2 NPs aggregates was ~1700
nm in the region of pHPZC, and decreased with pH at pH < pHPZC or pH > pHPZC to ~100
nm, except at pHs 1, 13, and 14, where it reached ~1500-2250 nm. The impacts of Na+ and
Ca2+ cations and HA and FA on the levels and rates of aggregation were pH-dependent.
Furthermore, in the presence of salts, CeO2 NPs were stable at pH < pHPZC (except
for 1 mM of NaCl/CaCl2) and pH > pHPZC (except for 0.5 mM CaCl2); however, the
aggregation was enhanced at pH = pHPZC, with a diameter of CeO2 NPs in the ~1300 to
3600 nm range. HA stabilized CeO2 NPs under pH > pHPZC; however, the aggregation was
enhanced at pH = pHPZC with a diameter of CeO2 NPs in the ~1500 to 1900 nm range, and
in the presence of 0 and 1 mM of NaCl/CaCl2 at pH < pHPZC. FA (0.14 mg/L) showed more
efficiency in stabilizing the CeO2 NPs than HA (5 mg/L) at three pH levels (8.2, 10.2, and
12.2) and under all different electrolyte concentrations (0 – 1 mM of NaCl or CaCl2). The
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diameter of CeO2 NPs in the presence of FA grew with low rates, and was ~95-115 nm at
all three pHs and under all different electrolyte concentrations.
The profound impact of the solution chemistry (i.e., pH, salts, HA, and FA) in
which CeO2 NPs were suspended on the formation of interfacial complexation in aqueous
phase systems corresponds to the second key result of this study. Particularly, besides the
electric double layer compression effect by Ca2+, between CeO2 NPs, the ion bridging
effect between CeO2 NPs in Ca2+-HA systems was a key controlling mechanism of the
stability of CeO2 NPs. Furthermore, FA inhibited the aggregation of CeO2 NPs by
enhancing the energy barrier, and therefore allowing CeO2 NPs to remain stable at pH
values of 8.2, 10.2, and 12.2, and with NaCl and CaCl2 concentrations ranging from 0 to 1
mM.
The risk assessment for CeO2 NPs contamination according to their aggregation
and stability state in surface water and in the subsurface soils and aquifers is of great
importance for future regulation and evaluation of CeO2 NPs waste disposal and
applications in products. In rivers and oceans abundant with HA or FA, CeO2 NPs are
likely to be suspended and transported from one aquatic compartment to another freely,
posing risks for aquatic animals and human beings swimming in a CeO2 NPs-contaminated
water. However, under some specific conditions with different solution chemistry, CeO2
NPs form aggregates, settle at the bottom of the water compartments, become sediment
contaminants uptake by sediment-dwelling animals, and enter the food chains. Therefore,
more environmental testing of CeO2 NPs aggregation behavior and stability and other
possible interactions under different solution chemistry is required to develop a data
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collection bank for CeO2 NPs in order to make accurate and precise analysis, interpretation,
and prediction for environmental risk assessment and environmental protection.
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2.6 Tables and Figures
Table 2.1. Parameter matrix for CeO2 NPs in the absence/presence of NaCl/CaCl2 and
HA/FA at three different pH levels.
pH
8.2, 10.2, 12.2

HS
Control

IS
Control
NaCl
CaCl2

IS concentration (mM)
0
0.05, 0.1, 0.5, 1
0.05, 0.1, 0.5, 1

8.2, 10.2, 12.2

HA

Contol
NaCl
CaCl2

0
0.01, 0.1, 1
0.01, 0.1, 1

8.2, 10.2, 12.2

FA

Control
NaCl
CaCl2

0
0.01, 0.1, 1
0.01, 0.1, 1
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Table 2.2. The mean and standard deviation of zeta potential of CeO2 NPs under varying concentrations of NaCl/CaCl2 in the
absence/presence of HA/FA at three different pHs and different time intervals.
Chemical

pH

Electrolyte
(mM)

0 - 10 min
(mV)

10 - 20 min
(mV)

20 - 30 min
(mV)

30 - 40 min
(mV)

40 - 50 min
(mV)

50 - 60 min
(mV)

0 - 60 min
(mV)

NaCl

8.2

0.00

20.46 ± 11.12

22.25 ± 12.94

18.93 ± 12.82

21.88 ± 15.54

23.20 ± 11.63

19.88 ± 12.47

21.12 ± 12.77

0.05

14.20 ± 19.58

12.36 ± 13.49

14.61 ± 13.95

16.75 ± 15.83

18.03 ± 11.06

17.10 ± 10.56

15.68 ± 13.77

0.10

19.12 ± 16.15

23.31 ± 9.66

23.14 ± 9.12

23.52 ± 12.59

21.04 ± 13.95

17.88 ± 13.17

21.78 ± 12.14

0.50

17.07 ± 11.47

21.92 ± 12.99

18.20 ± 13.88

22.14 ± 12.00

21.96 ± 13.07

20.85 ± 9.60

20.72 ± 11.94

1.00

11.17 ± 9.42

9.61 ± 11.72

11.22 ± 11.20

7.48 ± 11.41

8.77 ± 11.70

7.87 ± 13.63

9.26 ± 11.71

0.00

-7.95 ± 21.08

-10.80 ± 16.12

-12.68 ± 15.92

-12.05 ± 15.34

-10.53 ± 15.59

-14.70 ± 15.69

-11.39 ± 16.75

0.05

-14.50 ± 14.18

-15.45 ± 13.58

-18.77 ± 12.75

-10.85 ± 16.64

-20.54 ± 12.54

-19.67 ± 9.46

-16.99 ± 13.30

0.10

7.55 ± 13.30

10.51 ± 10.85

9.95 ± 9.76

7.36 ± 10.82

5.16 ± 11.09

1.22 ± 13.53

7.03 ± 11.83

0.50

9.07 ± 14.56

10.24 ± 10.96

5.94 ± 13.24

2.01 ± 13.67

4.39 ± 11.85

5.81 ± 13.71

6.11 ± 13.18

1.00

-11.97 ± 12.86

-11.40 ± 11.89

-9.57 ± 14.19

-11.80 ± 17.33

-10.85 ± 12.09

-9.21 ± 15.99

-10.96 ± 13.95

0.00

-10.53 ± 20.30

-33.35 ± 11.39

-30.31 ± 11.28

-30.30 ± 12.83

-31.13 ± 11.91

-32.75 ± 14.28

-30.39 ± 13.74

0.05

-26.06 ± 10.55

-30.98 ± 11.59

-35.69 ± 11.17

-35.16 ± 10.21

-40.02 ± 11.35

-36.97 ± 9.20

-35.16 ± 11.24

0.10

-44.83 ± 14.06

-43.15 ± 7.76

-37.96 ± 13.02

-36.69 ± 12.34

-35.43 ± 11.86

-33.97 ± 12.25

-38.72 ± 12.28

0.50

-34.46 ± 11.37

-27.88 ± 9.21

-38.32 ± 9.60

-45.37 ± 12.71

-33.87 ± 14.11

-39.95 ± 11.55

-37.46 ± 12.66

1.00

-28.08 ± 14.79

-35.96 ± 12.57

-33.77 ± 12.65

-34.76 ± 12.67

-33.73 ± 10.53

-39.37 ± 10.43

-34.86 ± 12.39

0.00

20.46 ± 11.12

22.25 ± 12.94

18.93 ± 12.82

21.88 ± 15.54

23.20 ± 11.63

19.88 ± 12.47

21.12 ± 12.77

0.05

17.97 ± 14.52

21.35 ± 12.79

24.18 ± 10.41

26.25 ± 8.52

25.13 ± 13.14

26.94 ± 9.66

24.12 ± 11.77

0.10

16.21 ± 11.37

24.99 ± 14.07

25.61 ± 14.40

26.56 ± 9.76

30.61 ± 9.26

27.65 ± 7.76

26.43 ± 11.44

0.50

19.64 ± 12.92

17.21 ± 14.22

18.60 ± 9.51

13.21 ± 16.73

15.48 ± 13.92

12.71 ± 13.08

16.09 ± 13.67

1.00

21.41 ± 13.45

16.09 ± 14.92

20.81 ± 10.45

22.94 ± 7.64

24.72 ± 8.75

22.40 ± 7.50

22.20 ± 7.53

10.2

12.2

CaCl2

8.2
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Chemical

pH

Electrolyte
(mM)

0 - 10 min
(mV)

10 - 20 min
(mV)

20 - 30 min
(mV)

30 - 40 min
(mV)

40 - 50 min
(mV)

50 - 60 min
(mV)

0 - 60 min
(mV)

10.2

0.00

-7.95 ± 21.08

-10.80 ± 16.12

-12.68 ± 15.92

-12.05 ± 15.34

-10.53 ± 15.59

-14.70 ± 15.69

-11.39 ± 16.75

0.05

14.17 ± 11.94

13.80 ± 11.22

13.15 ± 11.89

14.16 ± 11.66

14.62 ± 12.85

2.13 ± 18.92

13.59 ± 12.27

0.10

6.10 ± 14.51

5.03 ± 11.55

5.88 ± 14.12

5.97 ± 11.51

1.26 ± 12.34

-1.16 ± 15.33

3.80 ± 13.44

0.50

-1.52 ± 12.72

0.05 ± 15.36

0.70 ± 15.88

-0.36 ± 14.90

-5.87 ± 14.51

-5.88 ± 14.52

-2.32 ± 14.75

1.00

9.59 ± 12.37

6.96 ± 11.71

7.17 ± 11.67

9.53 ± 10.14

7.80 ± 10.02

6.70 ± 12.49

7.86 ± 11.42

0.00

-10.53 ± 20.30

-33.35 ± 11.39

-30.31 ± 11.28

-30.30 ± 12.83

-31.13 ± 11.91

-32.75 ± 14.28

-30.39 ± 13.74

0.05

-29.61 ± 11.28

-28.78 ± 15.31

-29.97 ± 11.49

-29.78 ± 12.10

-32.93 ± 10.18

-36.22 ± 12.78

-31.47 ± 12.51

0.10

-27.63 ± 12.04

-29.29 ± 9.87

-29.81 ± 10.83

-30.17 ± 11.41

-29.02 ± 10.57

-28.58 ± 11.66

-29.06 ± 11.00

0.50

-0.83 ± 22.71

-1.62 ± 25.52

-20.94 ± 3.23

6.65 ± 16.78

-17.63 ± 9.28

9.42 ± 26.07

-5.65 ± 20.67

1.00

-15.93 ± 16.08

-25.53 ± 17.02

-25.59 ± 19.59

-26.96 ± 16.02

-32.76 ± 12.98

-31.82 ± 13.82

-27.86 ± 16.09

0.00

8.84 ± 16.75

7.20 ± 22.43

6.70 ± 22.39

8.30 ± 21.52

9.93 ± 20.91

6.95 ± 19.71

7.98 ± 20.71

0.10

16.77 ± 10.77

17.95 ± 14.08

11.08 ± 14.75

6.71 ± 19.55

4.63 ± 17.87

12.60 ± 17.66

12.15 ± 16.31

1.00

13.73 ± 7.68

12.10 ± 11.66

15.20 ± 7.75

12.45 ± 10.27

12.38 ± 9.70

12.58 ± 9.82

13.03 ± 9.68

0.10

19.06 ± 13.06

21.04 ± 12.45

15.84 ± 14.78

18.36 ± 10.19

16.18 ± 14.78

20.17 ± 10.77

18.30 ± 12.77

1.00

15.95 ± 16.00

11.87 ± 14.09

14.30 ± 17.33

8.59 ± 14.25

7.00 ± 14.31

7.89 ± 13.58

11.01 ± 15.21

0.00

-19.83 ± 21.60

-15.64 ± 19.94

-12.78 ± 17.74

-13.09 ± 19.06

-12.30 ± 18.61

-11.43 ± 18.11

-13.89 ± 19.10

0.10

9.24 ± 13.53

6.04 ± 13.33

4.79 ± 18.21

3.46 ± 17.34

-0.13 ± 16.35

0.26 ± 15.63

4.89 ± 15.84

1.00

-21.99 ± 10.93

-20.26 ± 9.17

-18.58 ± 9.41

-17.02 ± 9.74

-19.66 ± 8.79

-17.81 ± 9.96

-19.29 ± 9.69

0.10

6.72 ± 12.30

8.49 ± 11.33

4.86 ± 12.33

3.42 ± 12.03

4.34 ± 13.17

0.92 ± 10.79

4.78 ± 12.17

1.00

-3.55 ± 19.14

-2.63 ± 15.67

-1.11 ± 17.27

-4.75 ± 14.81

-5.11 ± 15.99

-7.66 ± 16.48

-4.14 ± 16.34

0.00

-31.35 ± 9.94

-32.69 ± 15.90

-27.07 ± 11.10

-29.09 ± 10.78

-25.49 ± 19.49

-31.88 ± 17.70

-29.86 ± 14.52

0.10

-35.36 ± 6.74

-40.72 ± 13.30

-48.53 ± 13.61

-46.78 ± 10.33

-41.25 ± 11.96

-32.99 ± 11.97

-42.06 ± 12.91

1.00

-37.78 ± 12.73

-39.60 ± 12.68

-40.82 ± 11.09

-40.35 ± 10.02

-41.30 ± 13.02

-38.14 ± 12.09

-39.73 ± 11.93

0.10

-34.34 ± 9.15

-36.10 ± 11.99

-37.69 ± 9.64

-35.26 ± 9.88

-36.76 ± 13.30

-36.32 ± 10.92

-36.12 ± 10.87

12.2

HA, NaCl

8.2

HA, CaCl2
HA, NaCl

10.2

HA, CaCl2
HA, NaCl

HA, CaCl2

12.2
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Chemical

FA, NaCl

pH

8.2

FA, CaCl2
FA, NaCl

10.2

FA, CaCl2
FA, NaCl

FA, CaCl2

12.2

Electrolyte
(mM)

0 - 10 min
(mV)

10 - 20 min
(mV)

20 - 30 min
(mV)

30 - 40 min
(mV)

40 - 50 min
(mV)

50 - 60 min
(mV)

0 - 60 min
(mV)

1.00

-35.15 ± 13.16

-28.05 ± 10.86

-36.39 ± 9.78

-30.11 ± 14.28

-26.35 ± 15.70

-32.32 ± 11.16

-31.70 ± 12.72

0.00

-37.87 ± 12.04

-48.02 ± 12.77

-59.32 ± 11.27

-51.85 ± 14.11

-51.90 ± 11.56

-52.51 ± 11.05

-51.96 ± 13.35

0.10

-45.51 ± 12.84

-51.52 ± 9.78

-53.25 ± 10.08

-46.31 ± 10.86

-53.82 ± 15.31

-48.35 ± 11.87

-49.65 ± 12.06

1.00

-44.44 ± 9.82

-49.33 ± 10.64

-48.09 ± 14.48

-46.85 ± 11.06

-43.40 ± 13.80

-49.24 ± 8.34

-47.01 ± 11.65

0.10

-42.88 ± 9.80

-41.97 ± 10.41

-43.62 ± 9.85

-46.76 ± 11.74

-45.47 ± 11.74

-44.53 ± 9.17

-44.29 ± 10.55

1.00

-25.98 ± 9.91

-23.84 ± 11.69

-23.70 ± 9.95

-25.13 ± 12.41

-23.98 ± 9.94

-23.60 ± 10.14

-24.37 ± 10.65

0.00

-44.98 ± 29.14

-54.67 ± 11.91

-57.08 ± 10.41

-51.26 ± 9.11

-49.71 ± 13.03

-47.91 ± 12.33

-51.66 ± 15.66

0.10

-57.05 ± 10.52

-61.59 ± 14.41

-64.11 ± 12.53

-58.68 ± 11.50

-61.96 ± 12.23

-59.79 ± 11.12

-60.47 ± 12.10

1.00

-40.91 ± 12.58

-44.34 ± 11.60

-43.39 ± 10.76

-39.56 ± 12.94

-39.58 ± 10.90

-32.42 ± 16.02

-40.31 ± 12.98

0.10

-28.22 ± 16.48

-27.94 ± 18.97

-31.61 ± 12.59

-31.44 ± 12.18

-22.85 ± 20.12

-28.52 ± 13.07

-28.82 ± 15.49

1.00

-21.59 ± 8.28

-22.69 ± 10.83

-17.60 ± 14.55

-19.10 ± 13.31

-15.68 ± 13.79

-23.51 ± 10.02

-20.15 ± 12.13

0.00

-26.32 ± 10.81

-30.97 ± 11.83

-22.80 ± 15.70

-26.04 ± 11.87

-22.83 ± 18.78

-15.24 ± 17.66

-24.34 ± 15.22

0.10

-32.26 ± 11.39

-31.05 ± 15.03

-35.32 ± 8.57

-38.72 ± 12.02

-41.84 ± 9.50

-42.14 ± 10.62

-37.45 ± 11.91

1.00

-36.14 ± 10.79

-34.78 ± 12.63

-37.12 ± 10.19

-33.62 ± 17.63

-36.70 ± 10.96

-32.55 ± 10.56

-35.26 ± 12.33

0.10

-25.21 ± 19.85

-25.21 ± 12.60

-28.99 ± 15.44

-25.62 ± 12.34

-24.32 ± 13.28

-28.97 ± 10.54

-26.56 ± 14.22

1.00

-28.23 ± 12.11

-30.03 ± 10.71

-29.87 ± 10.03

-27.26 ± 11.69

-33.44 ± 10.46

-34.07 ± 9.83

-30.91 ± 10.85
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Table 2.3. The initial aggregation rate constant k11 obtained from the linear regression of
the experimental data during the first 600 seconds, under varying concentrations of
NaCl/CaCl2 in the absence/presence of HA/FA at three different pHs (8.2, 10.2, and
12.2).

pH
8.2

10.2

12.2

Electrolyte
(mM)

NaCl
(nm/s)

CaCl2
(nm/s)

0.00
0.05
0.10
0.50
1.00
0.00
0.05
0.10
0.50
1.00
0.00
0.05
0.10
0.50
1.00

0.01
0.01
0.02
0.02
0.35
0.44
0.45
0.33
0.40
0.44
0.01
0.01
0.01
0.01
0.00

0.01
0.01
0.01
0.01
0.08
0.44
0.25
0.35
0.41
0.50
0.01
0.02
0.02
0.47
0.00

HA
NaCl
CaCl2
(nm/s) (nm/s)
0.51
0.51
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FA
NaCl
(nm/s)
0.02

CaCl2
(nm/s)
0.02

0.01

0.04

0.01

0.02

0.25
0.54

0.11
0.54

0.02
0.02

0.02
0.02

0.42

0.37

0.01

0.01

0.48
0.01

0.44
0.01

0.02
0.02

0.02
0.02

0.02

0.02

0.01

0.01

0.02

0.00

0.01

0.02

Table 2.4. The mean and standard deviation of hydrodynamic diameter of CeO2 NPs during
the first 100 seconds and at ~ 1 hr of around 1-hour measurements for each pH.
pH
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Average Hydrodynamic diameter
(nm) (during the first 100 seconds)
256.65 ± 42.06
93.40 ± 7.28
88.13 ± 4.46
81.80 ± 4.36
89.65 ± 4.93
86.99 ± 6.45
96.92 ± 5.62
84.91 ± 3.61
83.56 ± 7.05
225.81 ± 46.66
72.97 ± 5.32
75.67 ± 5.50
384.22 ± 66.53
358.67 ± 74.16
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Average Hydrodynamic diameter
(nm) (at ∼1 hr)
1510.95 ± 173.68
104.90 ± 4.09
98.22 ± 4.87
99.80 ± 3.63
101.70 ± 2.57
115.25 ± 9.14
128.24 ± 6.53
112.28 ± 2.11
108.29 ± 2.96
1719.68 ± 267.49
93.79 ± 3.40
103.07 ± 5.96
1930.14 ± 254.36
2254.80 ± 323.37

Table 2.5. The mean and standard deviation of hydrodynamic diameter of CeO2 NPs during the first 100 seconds and at ~ 1 hr
of around 1-hour measurements for each pH and each NaCl/CaCl2 concentration.
NaCl
pH

8.2

10.2

12.2

Electrolyte
(mM)
0.00
0.05
0.10
0.50
1.00
0.00
0.05
0.10
0.50
1.00
0.00
0.05
0.10
0.50
1.00

CaCl2

During the first
100 seconds (nm)

At ∼1 hr (nm)

84.91 ± 3.61
84.33 ± 2.34
87.59 ± 2.67
85.50 ± 1.59
188.74 ± 29.89
413.45 ± 66.44
372.45 ± 46.06
199.16 ± 23.37
363.26 ± 54.04
598.69 ± 82.99
84.31 ± 1.58
83.63 ± 2.21
85.28 ± 4.21
85.42 ± 3.99
98.80 ± 2.35

112.28 ± 2.11
99.31 ± 3.76
111.35 ± 2.83
109.45 ± 4.24
1346.21 ± 221.29
1670.11 ± 229.21
1690.92 ± 294.71
1430.52 ± 159.61
1602.56 ± 185.23
1984.90 ± 345.76
89.09 ± 1.56
94.35 ± 3.42
97.71 ± 2.15
102.39 ± 4.81
103.65 ± 3.16
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During the first
100 seconds
(nm)
84.91 ± 3.61
92.52 ± 4.01
123.74 ± 6.92
98.88 ± 5.48
140.43 ± 7.71
413.45 ± 66.44
226.63 ± 17.39
631.45 ± 49.47
478.18 ± 35.37
454.90 ± 55.29
84.31 ± 1.58
80.96 ± 1.99
144.58 ± 8.48
452.64 ± 68.54
99.23 ± 5.87

At ∼1 hr (nm)
112.28 ± 2.11
106.82 ± 2.29
129.07 ± 5.38
175.25 ± 11.86
922.91 ± 89.41
1670.11 ± 229.21
1318.10 ± 125.18
1690.85 ± 210.69
1845.22 ± 175.04
3568.23 ± 552.86
89.09 ± 1.56
99.74 ± 2.37
182.14 ± 5.52
1700.32 ± 287.78
101.85 ± 2.72

Table 2.6. The mean and standard deviation of hydrodynamic diameter of CeO2 NPs during the first 100 seconds and at ~ 1 hr
of around 1-hour measurements for each pH and each NaCl/CaCl2 concentration in the presence of HA.
HA
pH

8.2

10.2

12.2

Electrolyte
(mM)
0.00
0.10
1.00
0.00
0.10
1.00
0.00
0.10
1.00

NaCl

CaCl2

During the first
100 seconds (nm)

At ∼1 hr (nm)

291.59 ± 77.83
133.23 ± 3.95
149.32 ± 21.41
362.45 ± 56.46
553.49 ± 52.98
299.29 ± 54.61
87.98 ± 2.61
91.03 ± 3.14
77.74 ± 2.31

1679.29 ± 183.07
183.78 ± 7.76
1343.50 ± 119.71
1813.65 ± 287.38
1828.96 ± 318.22
1597.66 ± 257.13
93.92 ± 1.92
97.67 ± 2.15
93.86 ± 1.91
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During the
first 100
seconds (nm)
291.59 ± 77.83
105.65 ± 5.22
173.66 ± 11.26
362.45 ± 56.46
470.83 ± 39.34
458.75 ± 63.90
87.98 ± 2.61
89.57 ± 2.64
104.57 ± 4.04

At ∼1 hr (nm)
1679.29 ± 183.07
186.48 ± 8.47
1397.18 ± 209.50
1813.65 ± 287.38
1584.86 ± 223.48
1746.21 ± 235.86
93.92 ± 1.92
94.50 ± 3.03
110.13 ± 4.31

Table 2.7. The mean and standard deviation of hydrodynamic diameter of CeO2 NPs during the first 100 seconds and at ~ 1 hr
of around 1-hour measurements for each pH and each NaCl/CaCl2 concentration in the presence of FA.
FA
pH

8.2

10.2

12.2

Electrolyte
(mM)
0.00
0.10
1.00
0.00
0.10
1.00
0.00
0.10
1.00

NaCl

CaCl2

During the first
100 seconds (nm)

At ∼1 hr (nm)

During the first
100 seconds (nm)

At ∼1 hr (nm)

78.30 ± 4.54
93.36 ± 1.95
86.05 ± 4.20
80.70 ± 4.75
94.54 ± 5.34
83.33 ± 3.10
72.72 ± 4.16
92.83 ± 2.54
82.50 ± 1.77

100.84 ± 3.34
101.87 ± 3.36
108.14 ± 4.02
100.47 ± 1.60
104.37 ± 2.01
99.75 ± 2.87
113.06 ± 5.19
97.39 ± 2.84
94.35 ± 3.49

78.30 ± 4.54
77.57 ± 4.70
72.97 ± 3.53
80.70 ± 4.75
82.38 ± 3.49
77.44 ± 4.25
72.72 ± 4.16
84.71 ± 1.85
75.08 ± 6.54

100.84 ± 3.34
92.56 ± 2.20
93.60 ± 1.64
100.47 ± 1.60
99.49 ± 2.19
97.02 ± 2.96
113.06 ± 5.19
94.68 ± 1.72
100.82 ± 6.66
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Table 2.8. Stability of CeO2 NPs and other types of NPs under different solution chemistry conditions

65

66

67

68

69

Figure 2.1. Average zeta potential and hydrodynamic diameter of CeO2 NPs as a function
of pH in DI water. The results are presented as an average value of around 1-hour
measurements with the corresponding standard deviation. CeO2 NPs (25 mg/L) were
suspended in DI water.
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b

a

Figure 2.2. The hydrodynamic diameter kinetic measurements of CeO2 NPs as function of pH over about 1 hour in DI water.
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Figure 2.3. The initial aggregation rate constant k11 as a function of pH during the first 600
seconds.
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Figure 2.4. The hydrodynamic diameter kinetic measurements of CeO2 NPs as function of
time and NaCl or CaCl2 concentration ranging from 0 to 1 mM at pH 8.2, pH 10.2, and pH
12.2.
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Figure 2.5. Net energy between CeO2 NPs as a function of distance between particles with
NaCl or CaCl2 concentrations varying from 0 to 1 mM at pH 8.2, pH 10.2, and pH 12.2.
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Figure 2.6. The hydrodynamic diameter kinetic measurements of CeO2 NPs in the presence
of HA or FA as a function of time, and NaCl or CaCl2 concentration ranging from 0 to 1
mM at pH 8.2, pH 10.2, and pH 12.2.
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Figure 2.7. Net energy between CeO2 NPs in the presence of HA as a function of distance
between particles with NaCl or CaCl2 concentrations varying from 0 to 1 mM at pH 8.2,
pH 10.2, and pH 12.2.

76

Figure 2.8. Net energy between CeO2 NPs in the presence of FA as a function of distance
between particles with NaCl or CaCl2 concentrations varying from 0 to 1 mM at pH 8.2,
pH 10.2, and pH 12.2.

77

Figure 2.9. The average zeta potential of CeO2 NPs as a function of time in varying
concentrations of NaCl/CaCl2 at three different pHs.

78

Figure 2.10. The average zeta potential of CeO2 NPs as a function of time in varying
concentrations of NaCl/CaCl2 in the presence of HA/FA at three different pHs.
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CHAPTER THREE
COLLOIDAL STABILITY AND AGGREGATION KINETICS OF CERIUM OXIDE
NANOPARTICLES: EFFECTS OF IONIC COMPOSITION AND SUWANNEE
RIVER HUMIC AND FULVIC ACIDS
Abstract
Applications of cerium oxide nanoparticles (CeO2 NPs) to industrial and consumer
products benefit daily life; yet, during their production, use, and disposal, CeO2 NPs are
also released into the air, water, and soil, potentially causing harm to human health and the
environment. Our research objective is to investigate the stability of CeO2 NPs in the
presence of ionic strength (IS) and humic substances (HS) to determine possible risks to
their surroundings. Two characteristics of CeO2 NPs, namely hydrodynamic diameter and
zeta potential, which change over time at different concentrations of NaCl and CaCl2 and
different concentrations of humic acid (HA) and fulvic acid (FA), were measured by
dynamic light scattering (DLS) and electrophoretic light scattering (ELS), respectively.
The results of our study indicated that homoaggregation of CeO2 NPs was found in the
presence of Na+ (> 1 mM NaCl) and in the presence of Ca2+ (> 5 mM CaCl2). The critical
coagulation concentration (CCC) of monovalent Na+ (30 mM) was twice as large as the
CCC of divalent Ca2+ (15 mM) at pH 5. The results also showed that the influence of the
divalent cation Ca2+ was more efficient than the monovalent cation Na+ in enhancing the
aggregation of CeO2 NPs. The heteroaggregation of CeO2 NPs and HA was enhanced at
higher NaCl concentrations (> 100 mM NaCl) due to electrostatic attraction and at higher
CaCl2 concentrations (> 1 mM CaCl2) due to the bridging effect. The results also indicated
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that, when compared to FA, HA is not only more reactive in inhibiting the
heteroaggregation of CeO2 NPs in the presence of NaCl, but also more efficient in
enhancing the heteroaggregation of CeO2 NPs in the presence of CaCl2 (> 10 mM CaCl2).
For example, at ~ 10 min, the hydrodynamic diameter of CeO2 NPs at 1000 mM NaCl was
31.82% less in the presence of 2 mg/L HA (560.27 ± 30.77 nm) than in the presence of 2
mg/L FA (821.76 ± 68.74 nm). Overall, the results of our research suggested that the
concentration and composition of NOM and IS play key roles in affecting the stability and
aggregation state of CeO2 NPs in aquatic and soil-water environments.

3.1 Introduction
Nanotechnology utilizes materials at nanometer scale in industrial, pharmaceutical,
cosmetic, medical, electronic, and dietary supplemental applications, as well as
environmental remediation (Akaighe et al., 2012; Bai et al., 2017; Delay et al., 2011;
Huibers et al., 2017; Kessler, 2011; Lee et al., 2010; Uyuşur et al., 2016; Wei et al., 2010).
In 2015, the total revenue for nanotechnology products was about 1 ~ 2.5 trillion dollars
(Hwang and Bradley, 2009; Peng et al., 2015; Roco, 2011). The International Organization
for Standardization (ISO) defines nanomaterials as at least one dimension between 1 and
100 nm (ISO, 2015). Common types of nanomaterials include metal-based, carbon-based,
and composite nanomaterials, as well as quantum dots and dendrimers. Engineered
nanoparticles, one subset of nanomaterials, are widely used because of their small size and
specific physio-chemical properties (EPA, 2017; Klaine et al., 2008).
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Cerium oxide nanoparticles (CeO2 NPs) are used in industrial and consumer
products due to their special properties. CeO2 NPs serve as catalyst additives in the
combustion process for storing and donating oxygen (HEI, 2001; Prospect, 2010), are used
as UV blocking agents in sunscreen applications for absorbing ultraviolet radiation (Cassee
et al., 2011), act as an antioxidant in medical products for protecting against the oxidative
stress (J. Chen et al., 2006; García et al., 2011; Patil et al., 2007), and are applied as abrasive
particles in slurry products for chemical mechanical planarization (Lai et al., 2015; Seo et
al., 2014; Zazzera et al., 2014). CeO2 NPs are also used in other applications, such as
electronics, polishing agents, and fuel cells (Corma et al., 2004; EPA, 2009; Fu et al., 2001;
Kosynkin et al., 2000; Z. Li et al., 2011). In 2011, the global production of CeO2 NPs was
about 10,000 tons (Collin et al., 2014; European Commission, 2012).
The development of nanoscience and technology has created an increasing demand
for applications and products of engineered nanoparticles (Roco, 2011, 2007). However,
the intentional or unintentional release of engineered nanoparticles into the environment
during their production, application, and waste disposal adversely impacts the environment
(Bhatt and Tripathi, 2011; Geranio et al., 2009; Gottschalk et al., 2013; Lai et al., 2015;
Topuz et al., 2014). Among all different types of engineered nanoparticles, the estimated
CeO2 NPs that ended up in the air, water, and soil environment were 1%, 3%, and 14% of
the annual CeO2 NPs’ global production, respectively (Keller et al., 2013).
Due to the unavoidable release of nanoparticles, studies of the fate, transport, and
toxicity of nanoparticles are of great importance (El Badawy et al., 2013, 2011; Godinez
et al., 2013; Godinez and Darnault, 2011; Jaisi et al., 2008; Petosa et al., 2012). Particle

104

surface properties, porous media, and bulk-solution chemistry are the key parameters that
influence transport of nanoparticles, especially in the aqueous phase (Baalousha et al., 2013;
El Badawy et al., 2010; Cumberland and Lead, 2009; El Badawy et al., 2012; Huynh and
Chen, 2011; Li et al., 2010; Römer et al., 2011; Tejamaya et al., 2012). The transport
behavior of CeO2 NPs has also been investigated (Cornelis et al., 2011; Fang et al., 2016;
Hassan et al., 2013; Z. Li et al., 2011; Lv et al., 2014; Petosa et al., 2013; Zhang et al.,
2016). For example, transport of CeO2 NPs in saturated sand-packed columns was more
difficult in acidic condition (pH 3) and at low ionic strength (below 10 mM) than in neutral
and alkaline conditions (pH 6 and 9) and at high ionic strength (10 mM and above) (Z. Li
et al., 2011). In another case, retention of CeO2 NPs and CAP NPs was enhanced in loamy
sand and in higher concentrations of divalent salts (CaCl2 and MgCl2) at pH 8 (Petosa et
al., 2013).
When nanoparticles are present in ecosystems, they may have toxic effects or act
as a stressor on the receptors. Toxicity studies of nanoparticles have been focused on
microorganisms, plants, and human beings, such as bacteria, algae, plants, soil nematodes,
and epithelial and cancer cells of the human lung (Blasco and Picó, 2011; Buzea et al.,
2007; Gurr et al., 2005; Lai et al., 2015; Oberdörster et al., 2005; Wilson et al., 2002;
Younce and Kolattukudy, 2010). The mechanisms of the toxicity of nanoparticles were
oxidative stress or released ions that cause disturbance in plants or in immune defense
systems (Ahamed et al., 2010; Furman et al., 2013; W. Jiang et al., 2009; Johnston et al.,
2010; Kahru et al., 2008; Lee et al., 2010; Leung et al., 2015; Navarro et al., 2008; Peng et
al., 2015; Quadros and Marr, 2010; Zhang et al., 2016).
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The transport and toxicity of nanoparticles are mainly affected by their stability
(Akaighe et al., 2012; El Badawy et al., 2010; Chen and Elimelech, 2007; J. Jiang et al.,
2009; Petosa et al., 2010; Piccapietra et al., 2012; Stebounova et al., 2011; Thio et al., 2012;
Zhang, 2014). Nanoparticles can exist as materials in the form of cluster size, which
equates to several microns or even larger due to aggregation. The pH, ionic strength (IS)
and natural organic matter (NOM) are the main factors in solution chemistry that affect the
stability of nanoparticles.
One of the solution chemistry factors affecting the stability of nanoparticles by their
surface ionization is pH. Point of zero charge (pHPZC) is the pH point where the
nanoparticles’ zeta potential approaches zero, resulting in unstable nanoparticles and largesize nanoaggregates. The pHs above or below pHPZC have zeta potentials larger or smaller
than 0 mV. The stability of nanoparticles is enhanced due to the high absolute values of
zeta potentials and the increased repulsive forces between particles (Baalousha, 2009; Bian
et al., 2011; Fernando and Zhou, 2019; Frederic et al., 2013; Ghosh et al., 2008; Oriekhova
and Stoll, 2016a; Palomino et al., 2013; Thio et al., 2010). For example, the Ag NPs
remained stable (< 100 nm nanoaggregates) at pH 8 due to negative zeta potential
(Fernando and Zhou, 2019). In another example, TiO2 NPs were found more stable (< 200
nm nanoaggregates) at lower pHs or higher pHs than at pHPZC (pH 6.5) due to positive or
negative surface charge resulting in higher repulsive forces between particles (Palomino et
al., 2013).
Ionic strength (IS), as a factor of solution chemistry, plays an important role in
affecting the stability of engineered nanoparticles. IS and electrolyte types have been
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investigated as to the stability of nanoparticles (Afrooz et al., 2013; Baalousha et al., 2013;
El Badawy et al., 2010; Buettner et al., 2010; Chen and Elimelech, 2006; French et al.,
2009; J. Jiang et al., 2009; Peng et al., 2015). The researchers point out that the increase of
IS enhances aggregation of nanoparticles, and divalent cations are more efficient than
monovalent cations in destabilizing nanoparticles. For example, the aggregation of four
TiO2 NPs and three quantum dot sample nanoparticles was enhanced with the increase of
IS (0.01 - 0.1 M) (J. Jiang et al., 2009). Critical coagulation concentration (CCC), where
conditions are most favorable for the aggregation of nanoparticles, characterizes the ability
of different types of electrolytes to enhance nanoparticle aggregation (Chen and Elimelech,
2006). For example, the CCCs of unfunctionalized CeO2 NPs at pH 11 for Na+ and Ca2+
were 80 mM and 16 mM, respectively (Buettner et al., 2010).
Other than pH and IS, natural organic matter (NOM) is also one of the main factors
that affect the stability of nanoparticles. NOM is ubiquitous in natural aqueous systems.
Major components of NOMs in soils and water, humic substances are mainly composed of
humic acid (HA) and fulvic acid (FA) (Abe et al., 2011; Buffle et al., 1998; IHSS, 2007;
O’Melia and Tiller, 1993). NOM is very important in the stability and aggregation behavior
of nanoparticles, because it can adsorb to their surface, change their surface charge, and
affect their aggregation behavior. Studies have focused on the impact of NOM and also on
the combined effects of IS and NOM on nanoparticles (Abe et al., 2011; Akaighe et al.,
2012; Baalousha, 2009; Bian et al., 2011; Chen et al., 2012; Delay et al., 2011; Dippon et
al., 2018; Domingos et al., 2009; Erhayem and Sohn, 2014; Furman et al., 2013; Lee et al.,
2016; Li et al., 2017; Liu et al., 2010; Oriekhova and Stoll, 2019, 2016a; Ottofuelling et
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al., 2011; Philippe and Schaumann, 2014; Slomberg et al., 2019; Thio et al., 2011; Zhang
et al., 2009). For example, FA, adsorbed to the surface of nanoparticles, stabilized TiO2
NPs due to the increase of steric repulsion between particles (Domingos et al., 2009). The
combinations of enhanced electrostatic and steric interactions were the main reason for the
increase of stability of TiO2 NPs in the presence of HA (Domingos et al., 2009). HA and
NOM enhanced the stability of Ag NPs, while enhancing the aggregation of Ag NPs in the
presence of both HA/NOM and divalent cations (Ca2+/Mg2+) (Akaighe et al., 2012). The
fullerene nanoparticles were stable at pH 7.5 - 8.5 in the presence of HA and
MgCl2/NaCl/low concentration CaCl2 (Chen and Elimelech, 2007). However, aggregation
of fullerene nanoparticles was enhanced at higher CaCl2 concentrations (> 10 mM) in the
presence of HA due to the bridging effect. Lee et al. (2016) reported that the aggregation
of TiO2 NPs in the presence of HA was enhanced at 20 mM CaCl2, while little change of
size of TiO2 NPs was found at 100 mM NaCl (Lee et al., 2016).
To protect environmental and human health, we should acquire an extensive
knowledge of the environmental behavior of nanoparticles, especially CeO2 NPs. Since
CeO2 NPs are one of the emerging contaminants, their stability needs to be fully
investigated to predict and assess their future transport behavior and toxicity effects.
Solution chemistry (such as pH, HS, IS and electrolyte types) plays a crucial role in
affecting the stability of CeO2 NPs in water environments, such as groundwater, streams,
lakes, and sea.
CeO2 NPs pose risks to environmental and human health. The unavoidable release
of CeO2 NPs from their production, use, and disposal processes into aqueous environments
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is of great concern. The stability of CeO2 NPs, governed by factors of solution chemistry,
affects their mobility, transport, bioavailability, and potential toxicity. The objectives of
this study are (1) to investigate the stability of CeO2 NPs in the presence of monovalent
cation Na+ or divalent cation Ca2+, (2) to study the stability of CeO2 NPs in the presence of
HA or FA, and (3) to compare the influence of HA with the influence of FA on the stability
of CeO2 NPs. To reach our goals, we characterized CeO2 NPs by size and surface charge
measurements using dynamic light scattering (DLS) and electrophoretic light scattering
(ELS), respectively. Aggregation kinetics and attachment efficiency were obtained from
experimental data. The net energy and energy barrier of each specific suspension system
were determined using the DLVO theory.

3.2 Materials and Methods
3.2.1 Stock suspensions/solutions
3.2.1.1 CeO2 NP stock suspensions
CeO2 NPs were obtained in the form of nanopowder (Sigma-Aldrich, Saint Louis,
MO), with average particle size (below 25 nm) and density (7.13 g/mL) at 25 ℃. CeO2 NP
stock suspensions (250 mg/L) were prepared by dispersing 250 mg CeO2 NPs, which were
weighed using an UMT2 ultra-microbalance (Mettler Toleodo, Columbus, OH) in the Nano
Enclosure (Xpert®, 38872 series, Labconco, Kansas City, MO), in ultrapure deionized (DI)
water (18.2 MΩ•cm). The ultrasonication of the stock suspensions was performed at 45
amplitude and 45 W power for 4 minutes using an S-4000 ultrasonic liquid processor (600
W and 20 KHz) (Misonix, Newton, CT). Ultrapure DI water was obtained from the
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purification system (Millipore Corporation, Billerica, MA). The CeO2 NP stock
suspensions were sonicated in a CPX 2800H ultrasonic bath with 110 W power and 40
KHz frequency (Branson Ultrasonics Corporation, Danbury, CT) for 30 minutes prior to
use.

3.2.1.2 Electrolyte stock solutions
NaCl stock solutions (1500 mM) and CaCl2 stock solutions (100 mM) were
prepared by dissolving salt (NaCl or CaCl2) in 1 L DI water. Both NaCl (Fisher Scientific,
Fair Lawn, NJ) and CaCl2 (Amresco, Solon, OH) were ACS grade salts.

3.2.1.3 HA/FA stock solutions
HA stock solution was prepared by dissolving 50 mg Suwannee River humic acid
(SRHA) (standard II, 2S101H, International Humic Substances Society, St. Paul, MN)
powder in 500 mL DI water. Then the HA stock solution was filtered by using WhatmanTM
hardened ashless Grade 542 filter papers with 2.7 µm nominal particle retention rating (GE
Healthcare Life Sciences, Little Chalfont, UK) and stored at 4 ℃ in the dark in a
refrigerator. The same procedure was done for FA stock solution by using Suwannee River
fulvic acid (SRFA) (standard II, 2S101F, International Humic Substances Society).
Concentrations of HA (93.6 mg/L) and FA (100 mg/L) stock solutions were obtained by
dividing the number that resulted from subtracting the weight difference of the dried filter
papers after and before use from 50 mg SRHA or SRFA, by 500 mL DI water. The filter
papers were dried at 60 ℃ in the oven overnight.
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3.2.2 CeO2 NP suspension preparation
The CeO2 NP suspensions (25 mg/L) under different combinations of IS and HS
conditions were prepared by diluting the 10 mL CeO2 NP stock suspensions with a 90 mL
mixture of NaCl/CaCl2 stock solutions, HA/FA stock solutions, and DI water in 100 mL
beakers using the stirring magnetic rotor on an electrical magnetic plate. The suspensions
were adjusted to pH 5 using 0.1 M HCl (BDH®, VWR International, LLC, Radnor, PA)
and monitored with a FiveEasyäPlus pH meter (Mettler-Toledo, Colombus, OH). The
specific concentrations of IS and HS used in this study were NaCl (1, 10, 30, 50, 80, 100
mM), CaCl2 (1, 5, 10, 15, 20, 30, 50 mM), HA (2, 5, 10 mg/L) and FA (2, 5, 10 mg/L). All
the diluted CeO2 NPs under different IS and HS conditions were prepared in two replicates
(sets) for later DLS and ELS analysis. These CeO2 NP suspensions (25 mg/L) were
sonicated for 4 minutes using the S-4000 ultrasonic liquid processor before analysis. The
CeO2 NP suspensions under different combinations of IS and HS conditions tested in this
study are summarized in Table 3.1.

3.2.3 Characterization of CeO2 NPs in different suspensions
The stability of CeO2 NPs was analyzed by monitoring their sizes and surface
charges over time as a function of ionic composition, SRHA, and SRFA using dynamic
light scattering (DLS) and electrophoretic light scattering (ELS), respectively.

3.2.3.1 DLS measurements
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The hydrodynamic diameter of CeO2 NPs over about 10 minutes was measured by
DLS using NanoBrook 90Plus Zeta Particle Size Analyzer (Brookhaven Instruments
Corporation, Holtsville, NY). Each suspension was measured in a 3.5 mL BI-SCP plastic
cell (10W ´ 10L ´ 52H mm, 3.5 mL) at 25 ℃ for 5 runs, and each run had 10 measurements
with a 10 second time interval between two measurements. The maximum value of each
run for automatic measuring in the setting of the Analyzer was 10.

3.2.3.2 ELS measurements
The zeta potential of the CeO2 NPs over 10 minutes was determined by ELS using
the NanoBrook 90Plus Zeta Particle Size Analyzer. The measurements were conducted by
placing each 1.5 mL CeO2 NP suspension in a BI-SCP plastic cell at 25 ℃. The zeta
potential measurements were recorded continuously for 10 minutes. The number of zeta
potential measurements was not the same for each suspension between 0 and 10 minutes
due to the setting of the relative residual (less than 0.05).

3.2.4 Aggregation behavior analysis
3.2.4.1 Aggregation rate
The aggregation behavior of CeO2 NPs can be analyzed by aggregation rate and
attachment efficiency.
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The derivative of hydrodynamic radius α3 (t) over time (t) is proportional to both
initial particle concentration N0 and initial aggregation rate constant /00 , which can be
obtained by the linear regression method using experimental data of size over the first 10
minutes (Baalousha et al., 2013; K. L. Chen et al., 2006; Li et al., 2010).

3.2.4.2 Attachment efficiency
The attachment efficiency 56 (also known as inverse stability ratio, 1/W) was
calculated by using the initial aggregation rate "
rate "
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3.2.4.3 Net energy
The stability of particles was determined by the net interaction between two
particles, which can be obtained by the sum of the van der Waals attraction and the
electrical double layer repulsion (Derjaguin, 1940; Derjaguin and Landau, 1941; Verwey
and Overbeek, 1948). The net energy between two spherical particles is expressed below
as (Butt and Kappl, 2010; Gregory, 1981, 1975; Zhang, 2014):
H IJKL = H MN# + H PJ
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(3.3)

H MN# = −

6R
S

T

X
UVW

Y(UVW ZY)

+

X
UVW

([VW

ZY)X

+ ln

0

Y(UVW ZY)
([VW ZY)X

^

H PJ = 4`aa, bV Tc0 cd efg(−hℎ) − [ (c0d + cdd )exp(−2hℎ)^

pp =q r
X
t uv

(3.4)

(3.5)

h n0 = odsD

(3.6)

w = 0.5 ∙ ∑ }~ ~d

(3.7)

U represents energy between two spherical particles. The superscripts vwd and EL are short
for the van der Waals interaction and electrostatic interaction, respectively. Hamaker
constant of CeO2 NPs in water ÄÅ equals to 5.57×10-20 J (Fang et al., 2016; Israelachvili,
1992). bV is half of the hydrodynamic radius R for monodispersed nanoparticles. The h
represents the distance between two particles. The dielectric constant of water a is 78.5.
Dielectric permittivity of a vacuum a, equals to 8.854×10-12 C/(V∙ É). c0 and cd are the
surface potentials (mV). h-1 represents the Debye length (nm-1). Boltzmann constant /Ñ is
1.38×10-23 J/K. T is temperature (K). Avogadro’s number 16 is 6.02×1023 mol-1. Unit
charge e is 1.602×10-19 C. I is the ionic strength (M). }~ is the molar concentration of one
ionic species (i), and ~ is the valency of the ith ion.
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3.3 Results
3.3.1 Effect of IS on aggregation of CeO2 NPs
3.3.1.1 Zeta potential measurements
Figure 3.1 shows the zeta potential of CeO2 NPs as a function concentration of
NaCl or CaCl2. The zeta potential of CeO2 NPs decreased from positive to negative values
in the presence of NaCl (Fig. 3.1a). When the concentration of NaCl was elevated from 1
to 30 mM, the zeta potential rapidly reduced from 35.52 ± 11.34 mV to -12.17 ± 35.46 mV.
It then increased slightly, and even reached close to 0 mV with the increase of NaCl
concentration. The zeta potential was 1.8 ± 40.29 mV when the concentration of NaCl was
50 mM. The zeta potential was negative at higher concentrations of NaCl (> 50 mM of
NaCl). When the concentration of CaCl2 increased, the zeta potential of CeO2 NPs tended
to become less positive (except at 30 mM) and close to 0 mV (Fig. 3.1b). It ranged from
25.19 ± 9.11 mV (at 1 mM CaCl2) to -2.77 ± 17.45 mV (at 50 mM CaCl2).

3.3.1.2 Hydrodynamic diameter measurements
Figure 3.2 shows the hydrodynamic diameter of CeO2 NPs as a function of time at
different concentrations of NaCl and CaCl2. The hydrodynamic diameter of CeO2 NPs
increased as the time increased at each NaCl concentration (Fig. 3.2a). When the
concentration of NaCl was 1 mM, the average hydrodynamic diameter of CeO2 NPs
increased by 19.54% (92.79 ± 2.96 nm) at ~10 minutes when compared to the diameter
during the first 100 seconds (77.62 ± 2.86 nm) (Table 3.2). However, at larger NaCl
concentrations (> 30 mM), the average hydrodynamic diameter greatly increased by 169%
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(> 860 nm) at ~10 minutes when compared to the diameters during the first 100 seconds (>
320 nm).
The hydrodynamic diameter of CeO2 NPs increased as the time duration increased
at each CaCl2 concentration and generally increased as the CaCl2 concentration increased
(Fig. 3.2b). The average hydrodynamic diameters of CeO2 NPs, after about a 10-minute
incubation period, slightly increased at low CaCl2 concentrations (< 15 mM) but
significantly increased at high CaCl2 concentrations (≥ 15 mM). For example, the average
hydrodynamic diameter at ~10 minutes increased by 16.68% (98.56 ± 6.00 nm) and 156.65%
(316.23 ± 67.59 nm), when compared to the diameters during the first 100 seconds for 1
mM CaCl2 (84.47 ± 6.17 nm) and for 20 mM CaCl2 (811.61 ± 66.02 nm), respectively. In
addition, during the first 100 seconds and at ~ 10 min, the average hydrodynamic diameters
of CeO2 NPs at larger CaCl2 concentrations (≥ 15 mM) were more than two times larger
than at lower CaCl2 concentrations (< 15 mM). For example, during the first 100 seconds,
the average hydrodynamic diameter of CeO2 NPs increased by 210.74% at 50 mM CaCl2
(347.07 ± 56.93 nm) compared to at 10 mM CaCl2 (111.69 ± 17.02 nm). The size growth
of CeO2 NPs was similar in the presence of CaCl2 to in the presence NaCl. However, the
influence of the divalent cation Ca2+ is more efficient than the monovalent cation Na+ in
enhancing the aggregation of CeO2 NPs. For example, at ~10 minutes and for 10 mM, the
average hydrodynamic diameter was 174.49% greater in the presence of Ca2+ (297.33 ±
11.89 nm) than in the presence of Na+ (108.32 ± 2.48 nm).

3.3.1.3 Size distribution
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Figure B-4 shows CeO2 NPs particle size distributed at different hydrodynamic
diameters as a function of NaCl/CaCl2 concentration over an approximately 10-minute
incubation period during the first 100 seconds and at ~ 10 min, respectively. During the
first 100 seconds, when the concentration of NaCl increased from 1 to 10 mM, the size
distribution remained in the range of 51 ~ 100 nm (Fig. B-4a). When the concentration of
NaCl increased to 30 mM, size distribution mainly increased to 201 ~ 400 nm. When
concentration of NaCl increased from 30 to 100 mM, size was chiefly distributed in the
range of 201 ~ 400 nm. At ~ 10 min, when the concentration of NaCl increased from 1 to
10 mM, the size distribution mainly increased slightly from 51 ~ 100 nm to 101 ~ 150 nm
(Fig. B-4b). When the concentration of NaCl increased to 30 mM, the size distribution
mainly increased sharply to 801 ~ 1000 nm. When the concentration of NaCl increased
from 30 to 100 mM, the size distribution remained largely in the range of 801 ~ 1000 nm.
In the case of CaCl2, its concentration increased from 1 to 5 mM while its size distribution
remained in the range of 51 ~ 100 nm during the first 100 seconds (Fig. B-4c). When the
concentration of CaCl2 increased from 5 to 30 mM, size distribution mainly increased from
51 ~ 100 nm to 401 ~ 600 nm. When concentration of CaCl2 increased to 50 mM, size
distribution mainly decreased to 201 ~ 400 nm. At ~ 10 min, when the concentration of
CaCl2 increased from 1 to 50 mM, the size distribution mainly increased from 51 ~ 100 nm
to 801 ~ 1000 nm (Fig. B-4d).

3.3.1.4 Attachment efficiency
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The attachment efficiency, which was obtained from the aggregation rate
normalized by the fast aggregation rate, as a function of NaCl or CaCl2, is shown in Figure
3.3. The attachment efficiency of CeO2 NPs in the presence of monovalent electrolyte Na+
first increased and then remained constant (Fig. 3.3a). It slowly increased from 0.03 to 0.05
when [Na+] increased from 1 mM to 10 mM. Then it rapidly reached 1 when the
concentration of Na+ was 30 mM. At 30 mM of Na+, the attachment efficiency changed
from the reaction limited aggregation regime to the diffusion limited aggregation regime.
After 30 mM, the attachment efficiency remained around 1.00. It indicates that the critical
coagulation concentration (CCC) of monovalent Na+ ([Na+]ccc) was 30 mM.
The attachment efficiency of CeO2 NPs in the presence of monovalent electrolyte
Ca2+ first increased and then remained constant (Fig. 3.3b). It increased from 0.03 to 0.04
as the concentration of Ca2+ increased from 1 mM to 5 mM. Then it increased from 0.04 to
1.00 when the concentration of Ca2+ was elevated from 5 mM to 15 mM. The attachment
efficiency remained around 1.00 when [Ca2+] was larger than 15 mM. The change in the
attachment efficiency shows that the curve was divided into reaction limited aggregation
regime and diffusion limited aggregation regime at 15 mM of Ca2+. It indicates that the
CCC of divalent Ca2+ ([Ca2+]ccc) was 15 mM. In the CeO2 NP suspensions, [Na+]ccc was
twice as large as [Ca2+]ccc.

3.3.1.5 Net energy
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The net energy between CeO2 NPs at each NaCl or CaCl2 concentration is shown
in Figure 3.4. When concentration of electrolyte increased, the energy barrier existed only
at 1 mM NaCl (16.90 kT) and at 1 mM CaCl2 (0.04 kT).

3.3.2 Effect of HA and IS on aggregation of CeO2 NPs
3.3.2.1 Zeta potential measurements
The average zeta potential of CeO2 NPs as a function of NaCl or CaCl2
concentration in the presence of HA is shown in Figure 3.5. In the Na+- HA systems, the
average zeta potential of CeO2 NPs was negative (Fig. 3.5a). At 2 mg/L HA, the average
zeta potential first increased from -28.55 ± 14.95 mV to -13.16 ± 32.49 mV when the
concentration of NaCl increased from 10 to 50 mM. It then decreased to -35.88 ± 42.43
mV when the concentration of NaCl was 100 mM. It reached close to 0 mV when the
concentration increased from 500 to 1000 mM of NaCl. However, the average zeta
potential of CeO2 NPs at 5 mg/L HA showed an opposite trend at 2 mg/L HA. It first
decreased from -16.71 ± 4.93 mV to -28.73 ± 18.80 mV when the concentration of NaCl
increased from 10 mM to 50 mM, increased to -22.08 ± 15.86 mV at 100 mM of NaCl, and
finally decreased to -45.88 ± 64.76 mV at 1000 mM of NaCl. The average zeta potential
was much more negative for lower NaCl concentrations (< 500 mM) at 10 mg/L HA than
for those at 2 and 5 mg/L HA.
In the Ca2+- HA systems, the zeta potential was also negative (Fig. 3.5b). The zeta
potential ranged from -20 to -30 mV for all concentrations of CaCl2 (1 – 20 mM) and HA
(2 – 10 mg/L).
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At lower concentrations of Na+ (< 100 mM), the zeta potential was more negative
at high concentration of HA (10 mg/L HA) than at lower concentrations of HA (2 and 5
mg/L HA). This finding indicates that the increase of HA results in the decrease of zeta
potential at the same concentration of monovalent Na+. However, the increase of
concentration of divalent Ca2+ does not contribute to a significant change of zeta potential.
The zeta potential in the presence of HA (Fig. 3.5) was more negative than that in
the absence of HA (Fig. 3.1). This finding indicates that the addition of HA leads to a
change in the surface charge of CeO2 NPs, which affects the aggregation of CeO2 NPs.

3.3.2.2 Hydrodynamic diameter measurements
Figure 3.6 shows the hydrodynamic diameter of CeO2 NPs as a function of time in
the presence of HA at different NaCl concentrations (ranging from 10 to 1000 mM) or
CaCl2 concentrations (ranging from 1 to 20 mM). When the NaCl concentration increased,
the average hydrodynamic diameter of CeO2 NPs increased (Figs. 3.6a, b, and c). For
example, under 2 mg/L of HA at ~10 minutes, the average hydrodynamic diameter
increased by 0.84% (94.19 ± 2.78 nm), 4.72% (97.82 ± 4.33 nm), 195.54% (276.06 ± 6.67
nm), and 499.80% (560.27 ± 30.77 nm) at 50, 100, 500, and 1000 mM NaCl, respectively,
compared to at 10 mM NaCl (93.41 ± 2.73 nm) (Table 3.3). This finding indicates that in
the presence of HA, the increase in monovalent Na+ concentration decreases the CeO2 NP
stabilization and promotes CeO2 NP aggregation. However, when the HA concentration
increased, the average hydrodynamic diameters of CeO2 NPs decreased at ~10 minutes.
For example, average hydrodynamic diameters of CeO2 NPs at 1000 mM NaCl decreased

120

by 31.47% (383.93 ± 17.66 nm) and 48.65% (287.72 ± 13.69 nm) at 5 mg/L, and 10 mg/L
of HA, respectively, compared to at 2 mg/L HA (560.27 ± 30.77 nm). This result indicates
that, in the presence of monovalent Na+, the increase in the HA concentration stabilizes
CeO2 NPs and deters their aggregation.
The average hydrodynamic diameter of CeO2 NPs increased as CaCl2 concentration
increased in the presence of HA (Figs. 3.6d, e, and f). For example, at ~10 minutes, the
average hydrodynamic diameter at 10 mg/L of HA increased by 14.88% (109.41 ± 3.37
nm), 568.21% (636.40 ± 47.63 nm), 762.43% (821.38 ± 47.79 nm), and 775.80% (834.11
± 69.06 nm) at 5, 10 ,15, and 20 mM CaCl2, respectively, compared to at 1 mM CaCl2
(95.24 ± 2.23 nm). This outcome indicates that, in the presence of HA, the increase of
divalent Ca2+ concentration destabilizes CeO2 NPs and increases their aggregation. The
average hydrodynamic diameter of CeO2 NPs at ~10 minutes decreased at lower CaCl2
concentrations (< 15 mM) when the HA concentration increased from 2 to 10 mg/L.
However, the average hydrodynamic diameter of CeO2 NPs at ~10 minutes increased at a
high CaCl2 concentration (20 mM of CaCl2) as the concentration of HA increased from 2
to 10 mg/L. For example, under 20 mM CaCl2 and at ~10 minutes, the average
hydrodynamic diameters increased by 3.71% (828.58 ± 43.44 nm) and 4.41% (834.11 ±
69.06 nm) at 5 and 10 mg/L HA, respectively, when compared to at 2 mg/L HA (798.91 ±
49.30 nm). This finding indicates that the increase in HA concentration destabilizes CeO2
NPs in the presence of high divalent Ca2+ concentrations (20 mM). This result differs from
the average hydrodynamic diameters at lower divalent Ca2+ concentrations (< 15 mM) and
at all monovalent Na+ concentrations (1 ~ 1000 mM).
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3.3.2.3 Size distribution
Figure B-5 shows the CeO2 NPs particle size distributed at different hydrodynamic
diameters in the presence of HA as a function of NaCl/CaCl2 concentration over an
approximately 10-minute incubation period during the first 100 seconds and at ~ 10 min.
At 2 mg/L HA, during the first 100 seconds, when the concentration of NaCl increased
from 10 to 100 mM, the size distribution remained constant in the range of 51 ~ 100 nm
(Fig. B-5a). When the concentration of NaCl increased to 1000 mM, size distribution
increased to 201 ~ 400 nm (Fig. B-5a). At 2 mg/L HA, at ~ 10 min, when the concentration
of NaCl increased from 10 to 100 mM, the size distribution mainly stayed in the range of
51 ~ 100 nm (Fig. B-5b). When the concentration of NaCl increased to 1000 mM, the size
distribution essentially increased to 401 ~ 600 nm. At 5 mg/L HA, during the first 100
seconds when the concentration of NaCl increased from 10 to 100 mM, the size distribution
mainly remained constant and was within a range of 51 ~ 100 nm (Fig. B-5c). When the
concentration of NaCl increased to 1000 mM, size distribution mainly increased to 151 ~
200 nm. At 5 mg/L HA and at ~ 10 min, when the concentration of NaCl increased from
10 to 100 mM, the size distribution mainly remained constant and was within a range of
51 ~ 100 nm (Fig. B-5d). When the concentration of NaCl increased to 1000 mM, the size
distribution largely increased to 201 ~ 400 nm. At 10 mg/L HA, during the first 100 seconds
when the concentration of NaCl increased from 10 to 100 mM, the size distribution
remained constant within a range of 51 ~ 100 nm (Fig. B-5e). When the concentration of
NaCl increased to 1000 mM, size distribution increased to 151 ~ 200 nm. At 10 mg/L HA,
at ~ 10 min, when the concentration of NaCl increased from 10 to 100 mM, the size
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distribution mainly remained constant and was within a range of 51 ~ 100 nm (Fig. B-5f).
When the concentration of NaCl increased to 1000 mM, the size distribution mainly
increased to 201 ~ 400 nm. At 2 mg/L HA, during the first 100 seconds, when the
concentration of CaCl2 increased from 1 to 10 mM, the size distribution increased from 51
~ 100 nm to 201 ~ 400 nm (Fig. B-5g). When the concentration of CaCl2 increased to 20
mM, the size was still distributed mainly in the range of 201 ~ 400 nm, and the size of only
a small portion of the nanoaggregates increased to 401 ~ 600 nm. At 2 mg/L HA, at ~ 10
min, when the concentration of CaCl2 increased from 1 to 15 mM, the size distribution
mainly increased from 51 ~ 100 nm to 801 ~ 1000 nm (Fig. B-5h). When the concentration
of CaCl2 increased to 20 mM, half of the size was distributed in the range of 601 ~ 800 nm,
and half in the range of 801 ~ 1000 nm. At 5 mg/L HA, during the first 100 seconds, when
the concentration of CaCl2 increased from 1 to 10 mM, the size distribution mainly
increased from 51 ~ 100 nm to 201 ~ 400 nm (Fig. B-5i). When the concentration of CaCl2
increased to 20 mM, size was still distributed mainly in the range of 201 ~ 400 nm. At 5
mg/L HA, at ~ 10 min, when the concentration of CaCl2 increased from 1 to 15 mM, the
size distribution mainly increased from 51 ~ 100 nm to 801 ~ 1000 nm (Fig. B-5j). When
the concentration of CaCl2 increased to 20 mM, size was still distributed mainly in the
range of 801 ~ 1000 nm. At 10 mg/L HA, during the first 100 seconds, when the
concentration of CaCl2 increased from 1 to 10 mM, the size distribution mainly increased
from 51 ~ 100 nm to 201 ~ 400 nm (Fig. B-5k). When the concentration of CaCl2 increased
from 10 to 15 mM, the size distribution remained in the range of 201 ~ 400 nm. When the
concentration of CaCl2 increased to 20 mM, the size was distributed mainly in the range of
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201 ~ 400 nm but only a small portion increased to 401 ~ 600 nm. At 10 mg/L HA, at ~ 10
min, when the concentration of CaCl2 increased from 1 to 20 mM, the size distribution
mainly increased from 51 ~ 100 nm to 801 ~ 1000 nm (Fig. B-5l).

3.3.2.4 Aggregation rate
The aggregation rate as a function of electrolyte concentration (NaCl or CaCl2) is
shown in Figure B-2. As illustrated in the figure, the aggregation rate of CeO2 NPs
increases with increasing NaCl and CaCl2 concentrations. No attachment efficiency values
can be obtained in the presence of HA, a factor that indicates that CeO2 NPs are more stable
in the presence of HA than in the absence of HA.

3.3.2.5 Net energy
Figure 3.7 shows the net energy between CeO2 NPs in the presence of HA and
electrolyte (NaCl or CaCl2). In the Na+ - HA systems, the repulsive energy barriers existed
only at lower NaCl concentrations (84.00 kT at 10 mM NaCl and 61.30 kT at 50 mM NaCl)
for 10 mg/L HA and at a lower NaCl concentration (1.25 kT at 10 mM NaCl) for 2 mg/L
HA. In the Ca2+ - HA systems, the repulsive energy barrier existed solely as 2.40 kT at 1
mM CaCl2 and 5 mg/L HA.

3.3.3 Effect of FA and IS on aggregation of CeO2 NPs
3.3.3.1 Zeta potential measurements
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The zeta potential of CeO2 NPs as a function of electrolyte (NaCl or CaCl2)
concentration is shown in Figure 3.8. The zeta potentials of CeO2 NPs were negative for
all NaCl concentrations in the presence of FA (Fig. 3.8a). At 2 mg/L FA, the zeta potential
of CeO2 NPs first decreased from -33.68 ± 12.35 mV to -56.64 ± 30.85 mV when the
concentration of NaCl increased from 10 to 100 mM. It then increased to -24.97 ± 53.14
mV when the concentration of NaCl increased to 1000 mM. At 5 mg/L of FA, the zeta
potential of CeO2 NPs first decreased from -65.46 ± 9.04 mV to -73.78 ± 13.14 mV when
the concentration of NaCl increased from 10 to 50 mM. It then increased to -21.79 ± 55.41
mV at 500 mM NaCl but slightly decreased at 1000 mM NaCl (-32.58 ± 33.31 mV). At 10
mg/L of FA, the zeta potential of CeO2 NPs first decreased from -63.44 ± 10.30 mV at 10
mM to -75.93 ± 23.28 mV at 50 mM, increased and was close to 0 mV at 500 mM, and
slightly decreased with the increase of NaCl concentration and was -21.42 ± 56.68 mV at
1000 mM of NaCl.
The zeta potentials of CeO2 NPs were negative for all CaCl2 concentrations in the
presence of FA (Fig. 3.8b). At 2 mg/L FA, the zeta potential increased from -43.85 ± 11.07
mV to -23.02 ± 4.09 mV when the concentration of CaCl2 increased from 1 mM to 15 mM.
However, it decreased to -25.40 ± 14.99 mV when the concentration of CaCl2 increased to
20 mM of CaCl2. At 5 mg/L FA, the zeta potential increased from -40.96 ± 10.35 mV to
-21.23 ± 7.78 mV when the concentration of CaCl2 was elevated from 1 to 15 mM. Then it
decreased to -23.68 ± 5.36 mV when the concentration of CaCl2 was 20 mM. At 10 mg/L
FA, the zeta potential increased from -32.40 ± 8.14 mV to -14.05 ± 13.64 mV when the
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concentration of CaCl2 increased from 1 to 15 mM and then slightly decreased to -16.69 ±
10.94 mV at 20 mM CaCl2.

3.3.3.2 Hydrodynamic diameter measurements
Figure 3.9 shows the hydrodynamic diameter of CeO2 NPs as a function of time at
different concentrations of NaCl or CaCl2 in the presence of FA. The hydrodynamic
diameter of CeO2 NPs increased as time increased for all electrolyte concentrations in the
presence of FA. At each FA concentration, the average hydrodynamic diameter of CeO2
NPs increased during the first 100 seconds and ~ 10 min, when the concentration of NaCl
increased. For example, at 2 mg/L FA and during the first 100 seconds, the average
hydrodynamic diameters of CeO2 NPs increased by 0.67% (128.32 ± 6.38 nm), 13.24%
(144.35 ± 11.46 nm), 73.11% (220.66 ± 34.07 nm), and 131.20% (294.71 ± 51.76 nm) at
50, 100, 500, and 1000 mM NaCl, respectively, when compared to at 10 mM NaCl (127.47
± 6.35 nm) (Table 3.4). This evidence indicates that in the presence of FA, the increase of
monovalent Na+ concentration leads to the enhancement of aggregation of CeO2 NPs. At
each NaCl concentration, when the concentration of FA increased, the average
hydrodynamic diameter of CeO2 NPs decreased during the first 100 seconds and ~ 10 min.
For example, at 1000 mM NaCl and ~ 10 min, the average hydrodynamic diameters of
CeO2 NPs decreased by 39.95% (493.46 ± 23.41 nm) and 42.78% (470.20 ± 26.51 nm) at
5 and 10 mg/L FA, respectively, when compared to at 2 mg/L FA (821.76 ± 68.74 nm).
This finding indicates that in the presence of monovalent Na+, the increase in FA
concentration reduces the degree of CeO2 NP aggregation.
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For all three FA concentrations, the average hydrodynamic diameters of CeO2 NPs
at higher CaCl2 concentrations (> 1 mM) largely increased at ~10 minutes compared to
during the first 100 seconds. For example, at 2 mg/L FA and 5 mM CaCl2, the average
hydrodynamic diameters of CeO2 NPs at ~10 minutes increased by 148.08% (756.05 ±
47.19 nm), when compared to during the first 100 seconds (304.76 ± 50.73 nm). In addition,
the average hydrodynamic diameters of CeO2 NPs under three FA concentrations at both
runs at higher CaCl2 concentrations (> 1 mM) were significantly greater than at 1 mM
CaCl2. For example, at 5 mg/L FA and during the first 100 seconds, the average
hydrodynamic diameters increased by 96.88% (170.32 ± 20.74 nm), 251.10% (303.74 ±
48.94 nm), 214.78% (272.32 ± 29.82 nm), and 166.99% (230.97 ± 36.96 nm) at 5, 10, 15,
and 20 mM CaCl2, respectively, when compared to 1 mM CaCl2 (86.51 ± 4.12 nm). In
addition, at the same FA concentration and same electrolyte concentration, the
hydrodynamic diameter of CeO2 NPs was larger at 10 mM Ca2+ than at 10 mM Na+, which
indicates that influence of divalent Ca2+ on the aggregation of CeO2 NPs was more efficient
than monovalent Na+. For example, at ~10 minutes and 5 mg/L FA, the hydrodynamic
diameter of CeO2 NPs was 165% greater at 10 mM Ca2+ (762.78 ± 53.45 nm) than at 10
mM Na+ (287.84 ± 13.01nm).

3.3.3.3 Size distribution
Figure B-6 shows that CeO2 NPs particle size was distributed at different
hydrodynamic diameters in the presence of FA as a function of NaCl/CaCl2 concentration
over an approximately 10-minute incubation period during the first 100 seconds and at ~
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10 min, respectively. At 2 mg/L FA, during the first 100 seconds, when the concentration
of NaCl increased from 10 to 50 mM, the size distribution remained in the range of 101 ~
150 nm (Fig. B-6a). When the concentration of NaCl increased from 50 to 1000 mM, the
size distribution increased from 101 ~ 150 nm to 201 ~ 400 nm. At 2 mg/L FA, at ~ 10
min, when the concentration of NaCl increased from 10 to 1000 mM, the size distribution
increased from 101 ~ 150 nm to 801 ~ 1000 nm (Fig. B-6b). At 5 mg/L FA, during the first
100 seconds, when the concentration of NaCl increased from 10 to 50 mM, the size
distribution mainly remained in the range of 151 ~ 200 nm (Fig. B-6c). When the
concentration of NaCl increased from 50 to 100 mM, the size distribution mainly decreased
from 151 ~ 200 nm to 101 ~ 150 nm. When the concentration of NaCl increased to 1000
mM, the size distribution mainly increased to 201 ~ 400 nm. At 5 mg/L FA, at ~ 10 min,
when the concentration of NaCl increased from 10 to 50 mM, the size distribution remained
in the range of 201 ~ 400 nm (Fig. B-6d). When the concentration of NaCl increased to
100 mM, the size distribution decreased to 101 ~ 150 nm. When the concentration of NaCl
was 500 mM, the size distribution increased to 601 ~ 800 nm. When the concentration of
NaCl increased to 1000 mM, the size distribution decreased to 401 ~ 600 nm. At 10 mg/L
FA, during the first 100 seconds, when the concentration of NaCl increased from 10 to 100
mM, the size distribution remained in the range of 101 ~ 150 nm (Fig. B-6e). When the
concentration of NaCl increased from 100 to 1000 mM, the size distribution mainly
increased from 101 ~ 150 nm to 201 ~ 400 nm. At 10 mg/L FA, at ~ 10 min, when the
concentration of NaCl increased from 10 to 1000 mM, the size distribution increased from
101 ~ 150 nm to 401 ~ 600 nm (Fig. B-6f).
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At 2 mg/L FA, during the first 100 seconds, when the concentration of CaCl2
increased from 1 to 5 mM, the size distribution increased from 51 ~ 100 nm to 201 ~ 400
nm (Fig. B-6g). When the concentration of CaCl2 increased to 20 mM, the size was still
distributed mainly in the range of 201 ~ 400 nm. At 2 mg/L FA, at ~ 10 min, when the
concentration of CaCl2 increased from 1 to 20 mM, the size distribution mainly increased
from 51 ~ 100 nm to 601 ~ 800 nm, then decreased to 401 ~ 600 nm, and finally increased
to 801 ~ 1000 nm (Fig. B-6h). At 5 mg/L FA, during the first 100 seconds, when the
concentration of CaCl2 increased from 1 to 10 mM, the size distribution increased from 51
~ 100 nm to 201 ~ 400 nm (Fig. B-6i). When the concentration of CaCl2 increased to 15
mM, the size was still distributed in the range of 201 ~ 400 nm. When the concentration of
CaCl2 was 20 mM, the size distribution was mainly within the range of 201 ~ 400 nm, but
partially decreased to 151 ~ 200 nm. At 5 mg/L FA, at ~ 10 min, when the concentration
of CaCl2 increased from 1 to 10 mM, the size distribution mainly increased from 51 ~ 100
nm to 601 ~ 800 nm (Fig. B-6j). When the concentration of CaCl2 increased to 15 mM, the
size distribution mainly decreased to 401 ~ 600 nm. However, the size distribution
remained in the same range (401 ~ 600 nm (60%) and 601 ~ 800 nm (40%)) when the
concentration of CaCl2 increased from 15 to 20 mM. At 10 mg/L FA, during the first 100
seconds, when the concentration of CaCl2 increased from 1 to 15 mM, the size distribution
increased from 51 ~ 100 nm to 201 ~ 400 nm (Fig. B-6k). When the concentration of CaCl2
increased from 15 to 20 mM, the size distribution remained in the range of 201 ~ 400 nm.
At 10 mg/L FA, at ~ 10 min, when the concentration of CaCl2 increased from 1 to 10 mM,
the size distribution mainly increased from 101 ~ 150 nm to 401 ~ 600 nm (Fig. B-6l).
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However, the size distribution remained in the same range (401 ~ 600 nm (80%) and 601
~ 800 nm (20%)) when the concentration of CaCl2 increased from 10 to 15 mM. When the
concentration of CaCl2 was 20 mM, the size distribution mainly increased to 601 ~ 800 nm.

3.3.3.4 Aggregation rate
The aggregation rate as a function of electrolyte concentration (NaCl or CaCl2) was
shown in Fig. B-3. The aggregation rate of CeO2 NPs increased (with some fluctuations at
2 and 5 mg/L FA) with increasing NaCl and CaCl2 concentrations. No attachment
efficiency values can be obtained in the presence of FA, a finding that indicates that CeO2
NPs are more stable in the presence of FA than in the absence of FA.

3.3.5 Net energy
Figure 3.10 shows net energy in the presence of FA at different NaCl or CaCl2
concentrations. In the Na+ - FA systems, a repulsive energy barrier at 2 mg/L FA was found
at lower NaCl concentrations (5.48 kT at 10 mM NaCl and 13.20 kT 50 mM NaCl) (Fig.
3.10a). At 5 mg/L FA, the repulsive energy barriers were 99.90, 95.00, and 40.20 kT, at
10, 50, and 100 mM NaCl, respectively (Fig. 3.10b). At 10 mg/L FA, the repulsive energy
barriers were 77.90 and 78.00 kT, at 10 and 50 mM of NaCl, respectively. This finding
indicates that FA stabilizes the CeO2 NPs (Fig. 3.10c). In the Ca2+ - FA systems, repulsive
energy barriers only exist at 1 mM Ca2+. Moreover, when FA concentration increased from
2 to 10 mg/L, the values of repulsive energy barriers decreased from 17.5 kT to 5.15 kT
(Figs. 3.10 d, e, and f).
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3.4 Discussion
3.4.1 Homoaggregation of CeO2 NPs
Homoaggregation is used to describe the aggregation of two particles of the same
kind. (Hotze et al., 2010; National Research Council, 2012; Zhang, 2014). In this study,
the homoaggregation of CeO2 NPs is characterized by investigating the aggregation
between CeO2 NPs with the change of IS (NaCl/CaCl2). The stability of CeO2 NPs and
other types of NPs under different solution chemistry conditions is shown in Table 3.5.

3.4.1.1 The stability of CeO2 NPs in the presence of monovalent cation Na+
In this research, the destabilizing effect of monovalent cation Na+ on the
homoaggregation of CeO2 NPs was more obvious at higher concentrations of Na+ (≥ 10
mM) than at the low concentration (1 mM NaCl) (Figure 3.2a). The reason could be that
the stability of CeO2 NPs is reduced by compression of the EDL surrounding CeO2 NPs
due to the increase of IS (increase of concentration of the monovalent cation Na+), which
leads to decrease of the repulsive force between CeO2 NPs. The disappearance of the
energy barrier at higher Na+ concentrations (Figure 3.4a) also indicates that the increase of
IS (increased from 1 to 100 mM NaCl) leads to the decrease of electrostatic repulsive force
between CeO2 NPs. Thus, the homoaggregation of CeO2 NPs is enhanced and the stability
of CeO2 NPs decreases due to the attraction force outweighing the repulsive force. The
electrostatic repulsive force decreases due to the increase of IS and double layer
compression (Butt and Kappl, 2010; Gregory, 1981, 1975; Hsiung et al., 2016; Zhang,
2014), while the attractive force is independent of IS (Israelachvili, 1978). When the IS
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reaches a plateau (at CCC), the repulsive force decreases and the aggregation rate reaches
a maximum value. Critical coagulation concentration (CCC) is the limit at which
nanoparticles in the suspension are completely destabilized. The profile of
homoaggregation of CeO2 NPs can be divided by the CCC into two regimes, which are the
reaction-limit regime and diffusion-limit regime. In our research, before the CCC, where
[Na+]CCC was 30 mM (Fig. 3.2a), the hydrodynamic diameter growth curve was slow and
exponential. This finding agrees with the reaction-limited aggregation kinetics model in
Runkana’s research, suggesting that the presence of EDL and short-range structural or
hydration forces play important roles in the reaction-limited aggregation (Runkana et al.,
2005). Similarly, the CCC of monovalent Na+ was 80 mM in the CeO2 NP suspensions at
pH 11 (Buettner et al., 2010). Previous studies have revealed the impact of electrolytes on
the CCC values of CeO2 NPs. The study of modeling the two regimes for CeO2 NPs was
predicted on the presence of monovalent (KCl) and divalent electrolytes (CaCl2) (K. Li et
al., 2011). The researchers found that CCCs of CeO2 NPs at pH 5.6 were 34 and 9.5 mM
in the presence of KCl and CaCl2, respectively. The CCC was also studied for investigating
the impact of electrolytes on the homoaggregation of other types of nanoparticles. For
example, in the presence of NaCl, the CCC was 5, 23, and 10 mM for three different kinds
of ZnO NPs at pH 8.5 (Peng et al., 2015), was 30 mM for uncoated hydrogen reduced Ag
NPs at pH 7 (El Badawy et al., 2012), was about 122 mM for citrate-coated Ag NPs at pH
7 (Baalousha et al., 2013), and was 160 mM for fullerene nanoparticles at pH 7.5 - 8.5
(Chen and Elimelech, 2007).
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3.4.1.2 The stability of CeO2 NPs in the presence of divalent cation Ca2+
In our study, less divalent cations Ca2+ ([Ca2+]CCC = 15 mM) are needed to
completely destabilize the CeO2 NPs and enhance the homoaggregation of CeO2 NPs than
monovalent Na+ ([Na+]CCC = 30 mM) (Fig. 3.3). Divalent cation Ca2+ plays a stronger
destabilizing role in the reduction of energy barriers than monovalent Na+ and thus shows
more efficient enhancement of homoaggregation of CeO2 NPs by compressing the EDL of
CeO2 NPs (Fig. 3.4). This outcome occurs because Ca2+ has a greater valence charge than
Na+. According to the DLVO theory, when the valence (Ü~ ) charge increases, the Debye
length ( 1/κ ) decreases and thus leads to the decrease of electrostatic repulsion energy
(French et al., 2009).This finding can also be proved in other research showing that the
divalent cations (e.g. Ca2+ or Mg2+) were more effective in destabilizing nanoparticles (e.g.
CeO2 NPs, TiO2 NPs, Fe3O4 magnetic NPs) or colloids than the monovalent cations (Na+,
K+) due to lower Debye length (W. Liu et al., 2013; Ottofuelling et al., 2011; Tezak et al.,
1955; Thio et al., 2011; Van Hoecke et al., 2011; Wang et al., 2017). According to the
Schulze-Hardy rule, CCC is proportional to ä-6 to ä-2 when zeta potentials vary from large
to small values for different types of nanomaterials (Elimelech et al., 1995; J. Liu et al.,
2013; Petosa et al., 2010; Qu et al., 2010). However, the proportionality fraction ä-1 is
obtained by calculating [Ca2+]CCC/([Na+]CCC in our study, where cation Ca2+ valence ä
equals 2. From Buettner’s experiment, ä-2.3 was found in CeO2 NPs in the presence of NaCl
and CaCl2 at pH 11 (Buettner et al., 2010). This finding may result because the pH in
solution chemistry, which is pH 5 in our study, affects the CCC by controlling the surface
charge on the surface of CeO2 NP nanoaggregates.
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3.4.2 Heteroaggregation of CeO2 NPs and HA/FA
Heteroaggregation refers to the aggregation of two particles of different kinds
(Hotze et al., 2010; Zhang, 2014), such as the aggregation that occurs between CeO2 NPs
and HA or FA. HA and FA stabilize or destabilize the CeO2 NPs by adsorption on the
surface of CeO2 NPs through the process of heteroaggregation. The heteroaggregation of
CeO2 NPs was one of the main factors in determining the efficiency of CeO2 NPs removal
in wastewater treatment (Barton et al., 2015). To gain an insight into the impact of
concentrations of HA/FA on the heteroaggregation of CeO2 NPs and HA/FA, we studied
the stability of CeO2 NPs by changing IS at different concentrations of HA/FA.

3.4.2.1 The stability of CeO2 NPs in the presence of HA
The CeO2 NPs are either stabilized due to electrostatic repulsive and steric effect
or destabilized due to electrostatic attractive or bridging effect in this study.
Firstly, the CeO2 NPs can be stabilized in the presence of HA (2, 5, 10 mg/L) at low
IS (< 500 mM Na+ and < 5 mM Ca2+) (Fig. 3.5). The addition of HA leads to a charge
reversal or even a more negative charge for the surface of CeO2 NPs when compared to the
average zeta potentials of CeO2 NPs in the absence of HA (Figs. 3.1 and 3.5) and leads to
an increase of stability of CeO2 NPs (Fig. 3.6). This result is caused by the negatively
charged HA adsorbing on the surface of CeO2 NPs (Chen and Elimelech, 2007). The effect
of HA adsorption on stabilizing nanoparticles is due to decreased zeta potential or charge
reversal resulting in the enhanced electrostatic and steric repulsion, a fact that was
demonstrated by many studies (Bian et al., 2011; Hu et al., 2010; Lv et al., 2014; Mohd
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Omar et al., 2013; Vindedahl et al., 2016; Wang et al., 2016). For example, the zeta
potential decreased from -15 mV to -55 mV when the NOM was added into the suspensions,
and thus led to the electrostatic repulsion between CeO2 NPs (Quik et al., 2010). The
adsorption of HA also resulted in the decrease of zeta potential and stabilized nanoparticles
(TiO2 NPs, SiO2 NPs, Al2O3 NPs, ZnO NPs, and Fe2O3 NPs) (Chekli et al., 2013; Yang et
al., 2009; Zhu et al., 2014). The zeta potentials of CeO2 NPs in synthetic water were more
negative than in ultrapure water and lake water. This finding indicates that alginate, which
contain 30% of NOM, stabilized both CeO2 NPs by coating the surface of NPs (Oriekhova
and Stoll, 2019). The stability of C60 was increased in the presence of HA and NaCl or in
the presence of HA and low concentrations of CaCl2 (Chen and Elimelech, 2007). HA
stabilized the aggregation of Ag NPs in the presence of Na+ and low concentrations of Ca2+
(Cumberland and Lead, 2009). In our study, in the presence of HA, the results are
inconsistent with the theoretical prediction of net energy values from the DLVO theory
(Fig. 3.7). In our study, the concentration of HA was elevated to affect the aggregation
behavior of CeO2 NPs, and the results indicate that the increase of HA concentration leads
to the increase of stability and decrease of heteroaggregation of CeO2 NPs and HA.
Similarly, at 100 mM NaCl, the stability of C60 NPs (size decreased from 430 to 180 nm)
increased with the increase of dissolved organic carbon (DOC) concentration (from 0 to 30
mg/L) (Yang et al., 2013). The stabilizing effect of DOC increased with the DOC
concentration increase due to the DOC coating that resulted in enhanced repulsive steric
forces and inhibited the aggregation (Huanhua Wang et al., 2014).
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Secondly, in our study, at the same HA concentration, when the IS increased, the
heteroaggregation was enhanced at higher NaCl concentrations (≥ 500 mM NaCl) for 2, 5,
and 10 mg/L HA, respectively (Fig. 3.6). This action is due to electrostatic destabilization.
This phenomenon occurs due to electrostatic attraction by the partial adsorption of HA on
the surface of CeO2 NPs. The formed heteroaggregates had both negative and positive
charges on their surfaces. Moreover, the increase of IS leads to the compression of EDL of
two HA-CeO2 NPs heteroaggregates. The CeO2 NPs, in terms of average hydrodynamic
diameter, showed a stable state with IS at low concentrations of NaCl (< 500 mM) (Fig.
3.7). However, the repulsive energy barrier obtained from theoretical calculation was not
in agreement with the aggregation behavior of CeO2 NPs and HA heteroaggregates; for
example, the energy barrier was 1.25 kT at 10 mM NaCl in the presence of 2 mg/L HA
(Fig. 3.7). The differences may be caused by electro-steric repulsive energy, which was not
considered in the DLVO theoretical calculation.
Thirdly, at the same IS of NaCl solutions ( ≥ 500 mM NaCl), the average
hydrodynamic diameter of CeO2 NPs decreased with the increase of concentration of HA
(Fig. 3.6). For example, at 1000 mM NaCl, at ~10 minutes, the average hydrodynamic
diameter decreased from 560.27 ± 30.77 nm to 287.72 ± 13.69 nm when the concentration
of HA increased from 2 to 10 mg/L. Similarly, when HA concentration increased, TiO2
NPs with poly-ferric sulfate and ferric chloride coagulants became more stable with high
zeta potential (+40 mV) due to the steric effect (Hongtao Wang et al., 2014).
Finally, the CeO2 NPs were destabilized in the presence of HA (2, 5, 10 mg/L). The
heteroaggregation of CeO2 NPs and HA was found at higher IS in the presence of CaCl2 (>
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1 mM) (Fig. 3.6). The heteroaggregation is due to the bridging effect caused by Ca2+
between nanoparticles and NOM (Chekli et al., 2014; Delay et al., 2011; Philippe and
Schaumann, 2014). Similarly, the heteroaggregation of nanoparticles and HA at higher
concentrations of Ca2+ due to the bridging effects has also been found for Au NPs (Afrooz
et al., 2013; Stankus et al., 2011), CeO2 NPs (Li and Chen, 2012), Ag NPs (Akaighe et al.,
2012), silicon NPs (Liu et al., 2011), and TiO2 NPs (Xu, 2018).

3.4.2.2 The stability of CeO2 NPs in the presence of FA
The enhanced or reduced heteroaggregation of CeO2 NPs and FA (Fig. 3.9)
suggests the electrostatic repulsion/attraction in the presence of NaCl or the bridging effect
in the presence of CaCl2. FA shares the same explanations as HA when analyzing the
stability and heteroaggregation of CeO2 NPs.
The positively charged CeO2 NPs (50 mg/L) coated by negatively charged FA (2
mg/L) are due to electrostatic interaction, which formed the stable FAs-CeO2 NPs
complexes (Oriekhova and Stoll, 2016a). Similarly, 2 mg/L FA stabilized CeO2 NPs (204.2
± 11.9 nm) and hindered their aggregation by changing the surface charge of CeO2 NPs
with zeta potential -47.7 ± 1.5 mV (Oriekhova and Stoll, 2016b). The stabilizing effect of
FA in our research is in agreement with the findings of the enhanced stability of TiO2 NPs
due to the adsorption of FA, which thereby increased the thickness of the steric barrier
(Domingos et al., 2009; Li and Sun, 2011). The [Na+]CCC for Ag NPs increased (186.4 to
259.1 mM) with the increase of SRFA concentration (0 to 5 mg/L) and indicated SRFA
stabilizing effects on AgNPs (Afshinnia et al., 2018).
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The stabilising effect of HA on heteroaggregation of CeO2 NPs was more obvious
than that of FA in the presence of NaCl in our study. Similarly, for other types of
nanoparticles, HA was more effective than FA in enhancing the stability of nC60 NPs
(Zhang et al., 2013), citrate-capped Ag NPs, and PVP-capped Ag NPs (Gunsolus et al.,
2015). The Fredundlich isotherm, which is mainly determined by the adsorbate NOM
concentration, adsorption capacity of adsorbent nanoparticles, and the adsorption intensity
values, was used to quantify the NOM adsorption amount on different nanoparticles and to
explain the stability of nanoparticles in the presence of NOM (Erhayem and Sohn, 2014;
Zhang et al., 2009). For example, at pH 4.8 ± 0.2, in the presence of 10 mM NaCl, the
adsorption constant of SRHA (6.67), which was less soluble and had greater molecular
weight and hydrophobicity, was larger than SRFA (1.63), resulting in SRHA being more
likely to adsorb on the surface of nanoparticles. Thus SRHA had greater impact on the
stabilizing TiO2 NPs due to stronger repulsion (Erhayem and Sohn, 2014). In our study,
we also found that the destabilizing effect of HA was greater than that of FA in the presence
of CaCl2 (> 10 mM CaCl2) (Figs. 3.6 and 3.9). This finding may due to the structural and
conformational advantages of HA over FA in forming the adsorbed layer and binding with
Ca2+ to produce larger heteroaggregates. Thus, HA, with higher molecular weight (1000 –
10000 g/mol), had stronger sorption onto the nanoparticles (e.g. CeO2 NPs) than FA (500
- 2000 g/mol) and facilitated the heteroaggregation of nanoparticles and HA/FA with the
Ca2+ cation bridging effect (Abe et al., 2011; Furman et al., 2013). Similarly,
heteroaggregation between higher molecular weight fractionated SRNOM and graphene

138

oxide or C60 NPs was facilitated and enhanced in the presence of high CaCl2 concentration
due to the bridging effect (Shen et al., 2015, 2019).

3.5 Conclusion
In our research, we studied the aggregation and stability of CeO2 NPs in different
aqueous systems. We investigated solution chemistry factors, ionic composition and IS of
cations (Na+ and Ca2+) and concentration and type of HS (HA and FA), in order to explore
their impact on homoaggregation and heteroaggregation of CeO2 NPs. We found the
homoaggregation of CeO2 NPs in the presence of Na+ (> 1 mM NaCl) and in the presence
of Ca2+ (> 5 mM CaCl2). Moreover, the CCCs of CeO2 NPs were 30 mM in the presence
of Na+ and 15 mM in the presence of Ca2+. In addition, the heteroaggregation of CeO2 NPs
and HA was enhanced at higher NaCl concentrations (> 100 mM NaCl) due to electrostatic
attraction and at higher CaCl2 concentrations (> 1 mM CaCl2) due to the bridging effect.
We also found that the stability of CeO2 NPs in the presence of HA was enhanced as NaCl
concentration (< 1000 mM NaCl) or CaCl2 concentration (< 10 mM CaCl2) increased.
Furthermore, HA is more reactive than FA in inhibiting the heteroaggregation of CeO2 NPs
in the presence of NaCl, but also in enhancing the heteroaggregation of CeO2 NPs in the
presence of CaCl2 (> 10 mM CaCl2).
Our results highlight the composition and concentration of IS (Na+, Ca2+) and NOM
(mainly HA and FA), which are responsible for affecting the stability and aggregation
behavior of CeO2 NPs in the aquatic and soil-water environments. HA and FA are capable
of adsorbing to the surface of CeO2 NPs and decreasing the nanoaggregate zeta potential,
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thus enhancing the electrostatic and steric repulsive forces between particles and increasing
the stability of CeO2 NPs. In addition, the bridging effects of HA/FA contribute to the
heteroaggregation between CeO2 NPs and HA/FA in the presence of higher concentration
of Ca2+. NOM is ubiquitous in the natural environment. To eliminate CeO2 NP
contaminants in natural water environments, more Ca2+ supplement additives are required
to enhance the heteroaggregation and settle the suspended CeO2 NPs into the aquatic
sediment environment. Further CeO2 NP sediment sustainable disposal studies are needed
to improve the recycling and reuse of rare earth elements.

3.6 Tables and Figures
Table 3.1. Parameter matrix for CeO2 NPs in the absence/presence of HA/FA at different
NaCl/CaCl2 concentrations
HS

IS

IS concentration (mM)

Control

NaCl
CaCl2

1, 10, 30, 50, 80, 100
1, 5, 10, 15, 20, 30, 50

HA 2, 5, 10 mg/L

NaCl

10, 50, 100, 500, 1000

CaCl2

1, 5, 10, 15, 20

NaCl

10, 50, 100, 500, 1000

CaCl2

1, 5, 10, 15, 20

FA 2, 5, 10 mg/L
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Table 3.2. The mean and standard deviation of average hydrodynamic diameter of CeO2
NPs during the first 100 seconds and at ~10 min of approximately 10-minute
measurements for each NaCl or CaCl2 concentration.
Electrolyte Concentration
type
(mM)
NaCl

CaCl2

1
10
30
50
80
100
1
5
10
15
20
30
50

Average Hydrodynamic
diameter (nm) (during
the first 100 seconds)
77.62 ± 2.86
83.42 ± 3.92
321.28 ± 63.56
329.19 ± 53.45
369.20 ± 69.15
339.61 ± 82.65
84.47 ± 6.17
80.59 ± 4.05
111.69 ± 17.02
239.65 ± 53.69
316.23 ± 67.59
411.30 ± 83.17
347.07 ± 56.93
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Average Hydrodynamic
diameter (nm) (at ∼10
min)
92.79 ± 2.96
108.32 ± 2.48
865.97 ± 81.20
875.51 ± 57.15
870.72 ± 75.49
879.12 ± 43.71
98.56 ± 6.00
96.88 ± 3.80
297.33 ± 11.89
730.74 ± 51.34
811.61 ± 66.02
815.81 ± 57.12
845.55 ± 69.55

Table 3.3. The mean and standard deviation of average hydrodynamic diameter of CeO2
NPs in the presence of HA during the first 100 seconds and at ~10 min of approximately
10-minute measurements for each NaCl or CaCl2 concentration.
HA
(mg/L)

Electrolyte
type

2

NaCl

5

NaCl

10

NaCl

2

CaCl2

5

CaCl2

10

CaCl2

Concentration Average
(mM)
Hydrodynamic
diameter (nm) (during
the first 100 seconds)
10
87.41 ± 3.83
50
88.10 ± 2.96
100
93.86 ± 2.81
500
149.35 ± 11.67
1000
254.12 ± 36.35
10
84.35 ± 4.04
50
85.97 ± 3.03
100
89.18 ± 5.76
500
110.24 ± 7.52
1000
185.04 ± 22.21
10
88.82 ± 2.34
50
85.24 ± 2.43
100
88.44 ± 4.63
500
103.21 ± 5.33
1000
157.98 ± 17.35
1
90.62 ± 2.80
5
133.18 ± 10.26
10
288.68 ± 47.59
15
346.27 ± 71.72
20
360.60 ± 57.79
1
88.21 ± 3.15
5
107.73 ± 8.21
10
279.66 ± 54.74
15
356.17 ± 48.44
20
320.98 ± 66.76
1
88.76 ± 2.66
5
95.80 ± 3.83
10
258.44 ± 31.85
15
318.90 ± 56.79
20
379.49 ± 62.07
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Average
Hydrodynamic
diameter (nm)
(at ∼10 min)
93.41 ± 2.73
94.19 ± 2.78
97.82 ± 4.33
276.06 ± 6.67
560.27 ± 30.77
91.78 ± 2.82
92.93 ± 2.36
92.95 ± 2.92
139.42 ± 2.14
383.93 ± 17.66
91.66 ± 3.12
91.24 ± 2.35
94.83 ± 2.59
129.29 ± 3.73
287.72 ± 13.69
97.71 ± 4.54
245.21 ± 13.64
698.82 ± 59.23
858.00 ± 59.84
798.91 ± 49.30
93.94 ± 2.59
150.34 ± 4.43
619.50 ± 40.77
833.71 ± 29.46
828.58 ± 43.44
95.24 ± 2.23
109.41 ± 3.37
636.40 ± 47.63
821.38 ± 47.79
834.11 ± 69.06

Table 3.4. The mean and standard deviation of average hydrodynamic diameter of CeO2
NPs in the presence of FA during the first 100 seconds and at ~10 min of approximately
10-minute measurements for each NaCl or CaCl2 concentration.
FA
(mg/L)

Electrolyte
type

2

NaCl

5

NaCl

10

NaCl

2

CaCl2

5

CaCl2

10

CaCl2

Concentration
(mM)
10
50
100
500
1000
10
50
100
500
1000
10
50
100
500
1000
1
5
10
15
20
1
5
10
15
20
1
5
10
15
20

Average
Hydrodynamic
diameter (nm) (during
the first 100 seconds)
127.47 ± 6.35
128.32 ± 6.38
144.35 ± 11.46
220.66 ± 34.07
294.71 ± 51.76
156.46 ± 13.69
175.41 ± 16.54
127.55 ± 6.36
221.00 ± 42.95
237.33 ± 23.02
131.67 ± 4.46
126.13 ± 4.69
136.76 ± 3.24
173.50 ± 12.68
238.75 ± 22.29
90.11 ± 2.65
304.76 ± 50.73
209.47 ± 32.54
322.31 ± 73.42
310.64 ± 61.59
86.51 ± 4.12
170.32 ± 20.74
303.74 ± 48.94
272.32 ± 29.82
230.97 ± 36.96
131.70 ± 4.75
161.39 ± 20.53
237.06 ± 42.62
274.67 ± 41.27
269.53 ± 37.25
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Average
Hydrodynamic
diameter (nm)
(at ∼10 min)
144.61 ± 6.76
152.72 ± 8.74
247.38 ± 7.79
571.29± 31.16
821.76 ± 68.74
287.84 ± 13.01
295.04 ± 16.45
137.10 ± 3.15
692.27 ± 54.81
493.46 ± 23.41
143.66 ± 4.44
139.95 ± 5.03
147.18 ± 6.03
297.11 ± 13.57
470.20 ± 26.51
95.20 ± 2.26
756.05 ± 47.19
522.24 ± 22.05
775.23 ± 57.93
807.32 ± 58.32
91.57 ± 2.65
384.64 ± 20.73
762.78 ± 53.45
590.03 ± 21.05
581.39 ± 40.66
143.04 ± 5.19
279.86 ± 8.62
551.86 ± 41.42
561.74 ± 42.32
637.51 ± 51.27

Table 3.5. Stability of CeO2 NPs and other types of NPs under different solution chemistry conditions
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Figure 3.1. Zeta potential of CeO2 NPs as a function of electrolyte concentration of (a) NaCl and (b) CaCl2 at pH 5.
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Figure 3.2. The hydrodynamic diameter of CeO2 NPs as a function of time in the presence of (A) NaCl and (B) CaCl2 at pH 5.
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Figure 3.3. Attachment efficiency as a function of electrolyte concentration (a) NaCl and (b) CaCl2 at pH 5.
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Figure 3.4. Net energy as a function of distance between particles with changing electrolyte (a) NaCl and (b) CaCl2 concentrations
at pH 5.
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Figure 3.5. Zeta potential of CeO2 NPs as a function of electrolyte concentration of (a) NaCl and (b) CaCl2 in presence of HA.
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Figure 3.6. The hydrodynamic diameter of CeO2 NPs as a function of electrolyte
concentration of NaCl and CaCl2 in the presence of HA.
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Figure 3.7. Net energy as a function of distance between CeO2 NPs in the presence of HA
at different NaCl concentrations and different CaCl2 concentrations.
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Figure 3.8. Zeta potential of CeO2 NPs as a function of electrolyte concentration of (a) NaCl and (b) CaCl2 in presence of FA.
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Figure 3.9. The hydrodynamic diameter of CeO2 NPs as a function of electrolyte
concentration of NaCl and CaCl2 in the presence of FA.
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Figure 3.10. Net energy as a function of distance between CeO2 NPs in the presence of FA
at different NaCl concentrations and different CaCl2 concentrations.
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CHAPTER FOUR
INFLUENCE OF CERIUM OXIDE NANOPARTICLES ON ROOT SYSTEM
ARCHITECTURE AND SEEDLING GROWTH OF SORGHUM CULTIVARS
Abstract
With the increased release of manufactured nanoparticles to the terrestrial ecosystems, the
influence of nanoparticles on plants is nonnegligible. The objectives of this research are to
study the impact of cerium oxide nanoparticles (CeO2 NPs) on root morphology and
seedling growth and to investigate the response of roots and seedling growth to CeO2 NPs
exposure to different sorghum cultivars. Specifically, the phytotoxicity of CeO2 NPs to
three sorghum cultivars (BTx 623, Grassl, and Rio) at four different CeO2 NPs treatment
levels (0, 100, 500, and 1000 mg/kg CeO2 NPs) were studied. The seedling growth and
root system architecture were characterized using a digital caliper and a balance and
RootGraph software, respectively. When the CeO2 NP treatment levels increased, a
threshold of 500 mg/kg CeO2 NPs and a decreasing trend were found in values of primary
root length, primary root surface area, number of lateral roots, surface area/volume ratios
of lateral root, total root length, and total root surface area in BTx 623 and primary root
length, surface area/volume ratios of lateral root, and total leaves weight in Grassl. For
example, in BTx 623, there were reductions in surface area/volume ratio of lateral root that
reached statistical significance in sorghum exposed to 500 mg/kg CeO2 NPs and 1000
mg/kg CeO2 NPs with respect to the no CeO2 NPs control (89.57 ± 10.97). The percentage
reductions of the ratio at 500 and 1000 mg/kg CeO2 NP treatments were 14.63% (76.46 ±
3.82) and 24.95% (67.22 ± 9.86). The parameters, significantly greater at 100 mg/kg than
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the control, were a ratio of wet root weight/total wet weight in BTx 623; total wet root
weight, total wet weight, and number of lateral roots in Grassl; and top leaf length and
water content in Rio. A dose-response phenomenon—low CeO2 NP treatment level (100
mg/kg CeO2 NPs) stimulations and higher CeO2 NP treatment level (500 and 1000 mg/kg
CeO2 NPs) reductions—was also observed for number of lateral roots, total wet root weight,
and total wet weight. For example, the marginal mean of number of lateral roots
significantly increased by 18.49% (246.61 ± 15.95) at 100 mg/kg CeO2 NP treatment, but
the marginal means were significantly reduced by 30.67% (144.28 ± 66.30) and 33.96%
(137.45 ± 49.89) at 500 and 1000 mg/kg CeO2 NP treatments, respectively, when compared
to the control (208.12 ± 42.90). We also found that Rio was more CeO2 NP tolerant and
BTx 623 and Grassl were more CeO2 NP sensitive at 500 mg/kg CeO2 NPs threshold. For
example, in BTx 623, there were reductions in surface area/volume ratio of lateral root that
reached statistical significance in sorghum exposed to 500 mg/kg CeO2 NPs and 1000
mg/kg CeO2 NPs with respect to the control (89.57 ± 10.97). The percentage reductions of
the ratio at 500 and 1000 mg/kg CeO2 NP treatments were 14.63% (76.46 ± 3.82) and
24.95% (67.22 ± 9.86). More investigation and research in the future are recommended to
study the mechanisms that are involved in roots, root rhizosphere environment, essential
nutrients and microbes, and that affect root morphology and seedling growth.

4.1 Introduction
Nanoparticles are key elements of nanotechnology and its applications because of
their larger surface-area-to-volume ratio and smaller size, which is at least one dimension
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between 1 and 100 nm, when compared to their bulk counterparts (Nagarajan, 2008; Vittori
Antisari et al., 2013; Zuverza-Mena et al., 2017). Among those nanoparticles, cerium oxide
nanoparticles (CeO2 NPs) are used as additives or catalysts in various products, such as
diesel fuel, petrochemical products, manufactured glass, and sunscreen products (Cassee
et al., 2011; Fornasiero and Trovarelli, 2013; Johnson and Park, 2012; Piccinno et al., 2012).
Given the rapid development of nanotechnology, nanoparticles are released into the
air, water, and soil by handling, accidents, wastewater irrigation, biosolids application, etc.
(Cornelis et al., 2014; Farré et al., 2011). For example, zero-valent metal remediations for
contaminated soil, and photocatalyst processes in water treatment, as well as human
activity, such as combustion of biomass, use of fossil fuel, and waste generation, cause
nanoparticle entries into soil, water, and air, respectively (Buzea et al., 2007; Peralta-Videa
et al., 2011; Savage and Diallo, 2005). Nanoparticles, found in wastewater sludge and soil
and in treated effluence emptied into oceans and rivers, are released into the ecosystems
on land and in water (Cornelis et al., 2014; Dinesh et al., 2012; Kunhikrishnan et al., 2014).
Moreover, nanoparticles applied for agriculture purposes improve the production
of plants that serve as food, fuel, and energy. In particular, fertilizers, pesticides, and
herbicides containing nanoparticles are used to amend soils, affect soil enzyme activities,
and ensure yields of crops (Dimkpa and Bindraban, 2018; Kah and Hofmann, 2014; Li et
al., 2017; Wang et al., 2016b). However, the potential risks of nanoparticles to plants and
thus the food chain are nonnegligible. For example, CeO2 NPs negatively affected the
growth of soil nematodes (Caenorhabditis elegans) and showed genotoxic effects on
soybean (Glycine max) plants (López-Moreno et al., 2010a; Roh et al., 2010).
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Water, nutrients, and contaminants that include nanoparticles and their released
ions in growth media, can enter and be translocated from roots to stems, and then to leaves
in plants. Plants cultivated in growth media contaminated by nanoparticles lead to
interactions between nanoparticles and plants, such as absorption, translocation,
accumulation, and phytotoxicity (Cifuentes et al., 2010; Li and Dai, 2018; X. Ma et al.,
2010; Majumdar et al., 2016a; Rico et al., 2018; Rui et al., 2015; Yanga et al., 2017; P.
Zhang et al., 2019; Zhang et al., 2017b). Plants are the primary producers of food chains.
CeO2 NP and Ce ion accumulations in plants and their potential contamination of food
chains pose risks to the environment and human health (Hawthorne et al., 2014; Judy et al.,
2011; Majumdar et al., 2016b). Therefore, an investigation of the phytotoxicity of
nanoparticles, especially CeO2 NPs, is important for environmental risk assessment.
Key factors influencing phytotoxicity of nanoparticles in plants include particle size,
shape, specific surface area, surface charge, and surface functional groups, which are based
on the physiochemical properties of nanoparticles, and nanoparticle concentration (Li et
al., 2019; Spielman-Sun et al., 2017; Zhang et al., 2017b; Zhao et al., 2012). Moreover,
factors that affect interactions between plants and nanoparticles, such as nanoparticle types
and concentrations, plant species, growth media, and exposure time, determine the
phytotoxic level of nanoparticles in plants (Begum et al., 2011; Lee et al., 2012; Lin and
Xing, 2007; López-Moreno et al., 2010b; Yang et al., 2015; P. Zhang et al., 2019).
Inhibition of root elongation is one of the main indicators of nanoparticle phytotoxicity in
plants (Lin and Xing, 2008; X. Ma et al., 2010; EPA, 2007). Exposure of nanoparticles to
plants has resulted in inhibition of plant roots in many studies (Cañas et al., 2008; Lin and
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Xing, 2007; López-Moreno et al., 2017; Y. Ma et al., 2010; Yang and Watts, 2005; Yang
et al., 2015; Zuverza-Mena et al., 2016). For example, the root elongations at 2000 mg/L
CuO NPs treatment for maize and rice were reduced by 95.73% and 97.28%, respectively,
when compared to their controls (Yang et al., 2015). In another example, the root
elongation for corn cultivated at 2000 mg/L Al2O3 NPs treatment was reduced by 35% (Lin
and Xing, 2007). Among all types of the nanoparticles, CeO2 NPs have also been
investigated for their exposure and phytotoxicity in plants (Cui et al., 2014; Gui et al., 2015;
Lee et al., 2010; López-Moreno et al., 2010b; Y. Ma et al., 2010; Rossi et al., 2017; Q.
Wang et al., 2012; Wang et al., 2018; Yanga et al., 2017; Zhang et al., 2016, 2017a). For
example, among the four rare earth oxide nanoparticles cultivated in Petri dishes, 2000
mg/L CeO2 NPs showed no effect on the root elongation of six plants, except for lettuce
(Y. Ma et al., 2010). In addition, plant growth and biomass production were inhibited, and
nutritional quality and antioxidant defense system were modified when the lettuce was
cultivated in potting soil at higher CeO2 NPs concentrations (Gui et al., 2015). As another
key parameter, seed germinations in corn (Zea mays L.) and cucumber (Cucumis sativus),
cultivated in CeO2 NPs treated Petri dishes, were reduced by 30% and 20%, respectively,
when compared with the controls (López-Moreno et al., 2010b). Moreover, stimulations in
the defense system at low CeO2 NP dose (0.3 mg/plant) but perturbations in nitrogen
metabolism at high CeO2 NP dose (3 mg/plant) in spinach roots were found by
metabolomics analysis (H. Zhang et al., 2019).
However, analysis was insufficient in examining the phytotoxicity of CeO2 NPs
and root morphology in plants. Therefore, a thorough investigation of CeO2 NP impact on
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plant root system architecture is essential to closing this knowledge gap. The final root
system architecture, which indicates the developmental plasticity of roots and their
adaptability to the environment, is the product of a response to both the intrinsic
developmental program of plant and environmental factors such as water, nutrients, and
contaminants, including metals and nanoparticles (Bochicchio et al., 2015; Cai et al., 2015;
Ingram and Malamy, 2010; Wasson et al., 2012).
The production of sorghum, one of the major edible crops in the world, reached
59.45 million metric tons in 2017/2018 (USDA, 2018). In addition to human consumption,
sorghum (Sorghum bicolor (L.) Moench), whose family is Poaceae (Gramineae), is used
for animal forage, industrial production, and bioenergy feedstock (National Research
Council, 1996; Kresovich, 1981; Kresovich et al., 1988; Lipinsky and Kresovich, 1980;
Paterson, 2008; Ramph and Reynolds, 2005; Rooney, 2014; Sher et al., 2016; Stefaniak et
al., 2012). Studies about CeO2 NP phytotoxicity in sorghum plants are limited
(Djanaguiraman et al., 2018).
As CeO2 NPs are released into the soil environment and might make contact with
roots, which are one of the important organs of many plants, the roots uptake water and
nutrients from the soil for plant growth. CeO2 NPs in soil-water systems may affect
sorghum seedling growth in plants, thereby posing risks to the environment and human
health. The objectives of this research are to study the impact of CeO2 NPs on root
morphology and seedling growth and to investigate the response of roots and seedling
growth to CeO2 NPs exposure to different sorghum cultivars. Specifically, the
phytotoxicity of CeO2 NPs to three sorghum cultivars (BTx 623, Grassl, and Rio) at four
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different CeO2 NPs treatment levels (0, 100, 500, and 1000 mg/kg CeO2 NPs) were studied.
Seedling growth was measured with a digital caliper and balance. The root system
architecture was quantified by RootGraph software.

4.2 Materials and Methods
4.2.1 Seeds
Seeds of three sorghum cultivars (Grassl, Rio, and BTx 623) were obtained from
Dr. Kresovich’s lab. Grassl is a sweet sorghum cultivar used for bioenergy, chemicals, and
syrup production (Kresovich et al., 1988). Rio is a high-biomass sweet sorghum used for
the production of foliage, syrup, and ethanol (Broadhead, 1972; Calviño and Messing, 2012;
Murray et al., 2008a, 2008b). BTx 623 is an elite inbred grain sorghum cultivar used in
grain production and whole-plant silage (Frederiksen and Miller, 1972; Murray et al.,
2008a, 2008b).

4.2.2 CeO2 NPs suspension preparation
CeO2 NPs powder was obtained from Sigma-Aldrich (Saint Louis, MO). The
average particle size of CeO2 NPs falls below 25 nm with a density of 7.13 g/mL at 25 ℃.
CeO2 NP powder (472.5 and 2362.5 mg) was weighed using an UMT2 ultra-microbalance
(Mettler Toloedo, Columbus, OH) in a 38872 series Nano Enclosure Xpert® (Labconco,
Kansas City, MO) and dispersed in deionized (DI) water (18.2 MΩ•cm, Millipore
Corporation, Billerica, MA) by a S-4000 sonicator (600 W and 20 KHz) in a 100 mL beaker
for 4 minutes (Misonix, Newton, CT). The nanoparticle suspensions were diluted using DI
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water in 1 L volumetric flasks. Two different concentration nanoparticle suspensions were
prepared. One 1L bottle of DI water, one 1L bottle of 472.5 mg/L CeO2 NP suspension,
and three 1L bottles of 2362.5 mg/L CeO2 NP suspension were prepared for four CeO2 NP
treatments (0, 100, 500 and 1000 mg/kg CeO2 NPs). The suspensions were stored for 24
hours before use.

4.2.3 Characterization of CeO2 NPs
Surface charge and size were analyzed by dynamic light scattering (DLS) and
electrophoretic light scattering (ELS) using a NanoBrook 90Plus zeta particle size analyzer
(Brookhaven Instruments Corporation, Holtsville, NY). The suspensions were sonicated
by the S-4000 sonicator before analysis.
The hydrodynamic diameter, representing the size of CeO2 nanoaggregates, was
obtained by placing a 3.5 mL CeO2 NP suspension in a BI-SCP plastic cuvette at 25 ℃ and
by using DLS. The zeta potential was measured for 1.5 mL CeO2 NP suspension in a BISCP plastic cuvette at 25 ℃ by ELS to determine the surface charge of the CeO2
nanoaggregates. The observations of zeta potential measurements with a relative residual
setting (< 0.05) were recorded. The average values and corresponding standard deviations
of hydrodynamic diameters and zeta potentials were calculated.

4.2.4 Growth media preparation and CeO2 NPs application
The soilless potting Fafard® 3B mix (Sun Gro Horticulture, Agawan, MA) was
used as the growth media for sorghum cultivation. DI water, 472.5 mg/L, and 2362.5 mg/L
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CeO2 NP suspensions (15.87 mL) were mixed with the potting mix (75 g) for 0, 100 and
500 mg/kg CeO2 NP treatments, respectively. Then 31.74 mL of 2362.5 mg/L CeO2 NP
suspension was mixed with 75 g potting mix to obtain 1000 mg/kg CeO2 NP treatment.
The potting mix was subsequently packed into a pot. Each treatment included 21 pots.

4.2.5 Sorghum cultivation
Two sorghum seeds were planted at 1 cm depth in each pot. Sorghum was cultivated
in HIKO V-265 type growing containers (trays) (length 35.2 cm, width 21.6 cm, cavity
(pot) depth 15 cm, pot volume 265 cm3, 28 pots/tray, and pot diameter 4.7 cm × 4.7 cm)
(BCC Plant and Planet, Landskrona, Sweden). In each tray, 21 pots (replicates) were used
for one sorghum cultivar, cultivated in one CeO2 NP treatment. Three sorghum cultivars
and four CeO2 NP treatments resulted in 12 trays in total. The sorghum cultivar name and
the corresponding nano/soil ratio were marked for each tray. The trays were placed in a
greenhouse with 14 h photoperiod, 25/20 ℃ day/night temperature, and 70% relative
humidity. Seedlings were thinned and transplanted within 5 days of germination to fill any
pots lacking a single seedling for the same sorghum cultivar given the same CeO2 NP
treatment. Sorghum was watered twice a week with DI water to ensure full soil saturation.
The nutrient, water, temperature, and light supplies were provided to decrease noise and to
simplify the cultivation conditions to ensure a more stable environment than the field with
natural soil. The sorghum cultivated in the greenhouse is shown in Figure 4.1. The
parameter matrix of seedling growth treatments is shown in Table 4.1.
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4.2.6 Sorghum root and shoot morphology traits
Sorghum was harvested, and samples were collected after a 21-day cultivation
period. However, only 11 to 13 seedlings in each tray were selected for analysis because
roots were broken during the root washing process. The morphology traits were quantified
by both manual and automated image analysis methods. Each parameter was measured
three times (replicates).

4.2.6.1 Manual measurements of sorghum seedlings
Sorghum seedlings were measured manually by using a XS204 balance (Mettler
Toledo, Switzerland) and a stainless steel digital caliper (VWR International, Radnor, PA)
for total wet root weight (mg), total dry root weight (mg), top leaf length (cm), top leaf
width (cm), total number of leaves, total leaves weight (mg), primary root length (cm), and
primary root thickness (cm). The roots were cut and separated from their seedlings at the
first node and then washed in DI water. The roots were stored in bags with DI water in a
refrigerator at 4 ℃ before automated image analysis.

4.2.6.2 Automated image analysis of sorghum roots
The washed roots were scanned by an Epson Perfection V750 Pro scanner (Long
Beach, CA), and their images were recorded by Silverfast SE Plus software. The JPEG
image produced from the scanner was set to 2400 dpi resolution. The root was placed on
the glass platform of the scanner and wetted with DI water. The bubbles in the DI water on
the platform were removed, and the roots were manipulated to avoid overlap before
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scanning. A dime coin was placed on the upper left corner of the platform for size relativity.
The scanner was set to the transparency mode for scanning the roots. Each root was marked
with its sorghum cultivar name, CeO2 NP treatment, and its tray pot number.
The images were converted from 16-bit color to grey scale, and the color depth was
reduced to 256 colors (8BPP) images. The horizontal and vertical resolutions were set to
600 psi. Then image formats were converted from JPEG to TIFF. The processed images
were conducted using RootGraph software (CV2.46 package) for automated image
analysis to quantify the root system architecture parameters (Fig. 4.2). The parameters were
primary root length (cm), primary root thickness (cm), primary root surface area (cm2),
primary root volume (cm3), lateral root total length (cm), lateral root total surface area
(cm2), lateral root average thickness (cm), lateral root total volume (cm3), number of lateral
roots (tips), and lateral root surface area/volume ratio. Lateral root of surface area/volume
ratio was obtained by dividing the lateral root surface area by the lateral root volume.
Figure 4.2 shows the examples of scanning images and analyzing results using RootGraph
for Grassl, BTx 623, and Rio.

4.2.6.3 General parameters analysis of sorghum seedlings
Five general parameters of sorghum seedlings—total wet weight, ratio of wet root
weight/wet shoot weight, total dry root weight, total root length, and total root surface
area—were quantitatively analyzed by combining the values of manually measured or
Rootgraph measured parameters. Specifically, total wet weight was the sum of total wet
root weight and total leaves weight. Ratio of wet root weight/total wet weight was obtained
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by dividing the total wet root weight by total wet weight. Total root length was the sum of
the primary root length and the lateral root total length. Total root surface area was the sum
of the primary root surface area and the lateral root total surface area.

4.2.7 Statistical Analysis
Values for root and shoot morphology traits were reported as mean ± SD of three
replicates. The data were analyzed using analysis of variance (ANOVA) by JMP Pro 12.
Protected Fisher’s least significant difference test was used to compare means and
determine the effect of the model term on the response. Significant differences were
indicated when p < 0.05. Results for all parameters were shown as the mean ± SD with
significant group letters.

4.3 Results
4.3.1 Characterization of CeO2 NPs
The hydrodynamic diameters of CeO2 NPs were 99.51 ± 3.64 nm and 69.09 ± 12.81
nm in 472.5 mg/L and 2362.5 mg/L CeO2 NPs, respectively. The zeta potentials of CeO2
NPs were 3.25 ± 0.84 mV and 3.43 ± 0.57 mV in 472.5 mg/L and 2362.5 mg/L CeO2 NPs,
respectively.

4.3.2 Individual parameters of root morphology and seedling growth
4.3.2.1 Statistical effects based on ANOVA
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Table 4.2 shows the F value and p value based on the ANOVA table in statistical
effects of treatment and cultivar on parameters related to primary roots, lateral roots and
shoots. Treatment has an effect on 15 parameters (Table 4.2).
The basic treatment effect for eight parameters (primary root length, primary root
volume, primary root surface, lateral root total length, lateral root total surface area, surface
area/volume ratio of lateral root, total number of leaves, and total dry weight) is that
parameter means are decreasing as the treatment level increases. For example, when the
treatment level increased from 0 to 1000 mg/kg CeO2 NPs, the primary root length
decreased from 57.75 ± 2.83 cm to 36.57 ± 15.85 cm.
The basic treatment effect for another three parameters (number of lateral roots,
total wet root weight, and water content in wet basis) is that parameter means are first
increasing and then decreasing as the treatment level increases. For example, when the
treatment level increased from 0 to 1000 mg/kg CeO2 NPs, the number of lateral roots first
increased from 208.12 ± 42.90 to 246.61 ± 15.95, and then decreased to 137.45 ± 49.89.
The basic treatment effect for one parameter (total leaves weight) is that parameter means
are first decreasing and then increasing as the treatment level increases. For example, when
the treatment level increased from 0 to 1000 mg/kg CeO2 NPs, the number of lateral roots
first decreased from 1.16 ± 0.13 g to 0.94 ± 0.14 g, and then increased to 1.08 ± 0.34 g.
The basic treatment effect for one parameter (primary root thickness) is that
parameter means are first decreasing, then increasing and finally decreasing as the
treatment level increases. For example, when the treatment level increased from 0 to 1000
mg/kg CeO2 NPs, the primary root thickness first decreased from 0.110 ± 0.003 cm to
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0.099 ± 0.005 cm, and then increased to 0.117 ± 0.013 cm, and finally decreased to 0.109
± 0.001 cm.
The basic treatment effect for one parameter (top leaf length) is that parameter
means are first increasing, then decreasing and finally increasing as the treatment level
increases. For example, when the treatment level increased from 0 to 1000 mg/kg CeO2
NPs, the top leaf length first increased from 145.45 ± 51.96 mm to 180.20 ± 58.16 mm,
then decreased to 131.43 ± 49.21 mm, and finally increased to 163.74 ± 35.84 mm.
The basic treatment effect for one parameter (lateral root thickness) is that
parameter means are increasing as the treatment level increases. For example, when the
treatment level increased from 0 to 1000 mg/kg CeO2 NPs, the lateral root thickness
increased from 0.0391 ± 0.0027 cm to 0.0409 ± 0.0012 cm.
The treatment effect on 10 parameters (primary root length, primary root thickness,
lateral root thickness, number of lateral roots, surface area volume ratios of lateral root, top
leaf length, total wet root weight, total dry root weight, water content in wet basis, and total
leaves weight) is not the same for each cultivar.

4.3.2.2 Correlation between variable and treatment
Table 4.3 shows the correlation analysis between variable and treatment level for
17 parameters and three sorghum cultivars.
In BTx 623, a negatively strong correlation between variable and treatment was
found for primary root length, number of lateral roots, and surface area/volume ratio. No
correlation between variable and treatment was found for primary root thickness. A
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positively weak correlation between variable and treatment was found for top leaf length.
A negatively weak correlation between variable and treatment was found for primary root
volume, primary root surface area, lateral root total length, lateral root total surface area,
total wet root weight, water content, total leaves weight, and total number of leaves. A very
positively weak correlation between variable and treatment was found for lateral root
thickness and top leaf width. A very negatively weak correlation between variable and
treatment was found for lateral root total volume and total dry root weight.
In BTx 623, significant decreases in all three treatment levels (100, 500 and 1000
mg/kg CeO2 NPs) were found for primary root volume and total leaves weight. Significant
decreases in two treatment levels (500 and 1000 mg/kg CeO2 NPs) were found for primary
root length, primary root surface area, and number of lateral roots. A significant decrease
in 1000 mg/kg CeO2 NPs was found for total number of leaves and a significant increase
in 1000 mg/kg CeO2 NPs was found for top leaf length. A significant decrease in 500 mg/kg
CeO2 NPs was found for lateral root total length, lateral root total surface area, lateral root
total volume and total wet root weight.
In Grassl, a negatively strong correlation between variable and treatment was found
for primary root length and surface area/volume ratio. A positively weak correlation
between variable and treatment was found for primary root thickness and lateral root
thickness. A negatively weak correlation between variable and treatment was found for
primary root volume, primary root surface area, lateral root total length, total dry root
weight, water content, top leaf length, top leaf width, and total number of leaves. A very
negatively weak correlation between variable and treatment was found for lateral total
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surface area. No correlation between variable and treatment was found for lateral root total
volume. A moderate correlation between variable and treatment was found for number of
lateral roots, total wet root weight, and total leaves weight.
In Grassl, significant decreases in two treatment levels (500 and 1000 mg/kg CeO2
NPs) were found for primary root length and total leaves weight. Significant increases in
two treatment levels (500 and 1000 mg/kg CeO2 NPs) were found for lateral root thickness
and number of lateral roots. A significant increase in 500 mg/kg CeO2 NPs was found for
primary root thickness. A significant decrease in 1000 mg/kg CeO2 NPs was found for
primary root surface area, total wet root weight, top leaf length, and top leaf width.
In Rio, a very negatively weak correlation between variable and treatment was
found for primary root length, lateral root total length, lateral root total surface area, total
wet root weight, and water content. A very positively weak correlation between variable
and treatment was found for primary root thickness, primary root volume, primary root
surface area, and top leaf length. No correlation between variable and treatment was found
for lateral root total weight. A positively weak correlation between variable and treatment
was found for lateral root thickness and top leaf width. A negatively weak correlation
between variable and treatment was found for surface/volume ratio, total dry root weight,
and total number of leaves. A negatively moderate correlation between variable and
treatment was found for number of lateral roots. A positively moderate correlation between
variable and treatment was found for total leaves weight.
In Rio, significant decreases in all three treatment levels (100, 500 and 1000 mg/kg
CeO2 NPs) were found for total dry root weight. Significant increase in two treatment levels
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(100 and 1000 mg/kg CeO2 NPs) were found for top leaf length and total leaves weight. A
significant increase in 100 mg/kg CeO2 NPs and a significant decrease in 1000 mg/kg CeO2
NPs were found for water content in wet basis. A significant decrease in 1000 mg/kg CeO2
NPs was found for number of lateral roots. A significant decrease in 500 mg/kg CeO2 NPs
was found for lateral root total length, lateral root total surface area and lateral root total
volume. A significant decrease in 100 mg/kg CeO2 NPs was found for primary root
thickness and primary root volume.

4.3.2.3 Primary root
4.3.2.3.1 Primary root length
Figure 4.3 shows the impact of CeO2 NPs on primary root length for four different
treatments and three sorghum cultivars. The marginal means of primary root length for 0
and 100 mg/kg CeO2 NPs were significantly greater than the marginal means for 500 and
1000 mg/kg CeO2 NPs (Table 4.4). However, 0 and 100 mg/kg CeO2 NPs means were only
significantly greater than 500 and 1000 mg/kg CeO2 NPs in BTx 623 and Grassl.
When the treatment level increased from 0 to 1000 mg/kg CeO2 NPs, the primary
root length decreased from 57.75 ± 2.83 cm to 36.57 ± 15.85 cm (Table 4.4).
In 500 and 1000 mg/kg CeO2 NP treatments, Rio was more adaptable than BTx 623
and Grassl in primary root length growth.
In BTx 623, there was a reduction in the primary root length growth that reached
statistical significance in sorghum exposed to 500 and 1000 mg/kg CeO2 NPs with respect
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to the no CeO2 NP control (59.65cm). The percentage reductions of the length in two
treatments were 48.30% (30.84 cm) and 50.30% (29.64 cm), respectively.
In Grassl, there was a reduction in the primary root length growth that reached
statistical significance in sorghum exposed to 500 and 1000 mg/kg CeO2 NPs with respect
to the no CeO2 NP control (59.11 cm). The percentage reductions of the length in two
treatments were 58.67% (24.43 cm) and 57.09% (25.37 cm), respectively.

4.3.2.3.2 Primary root thickness
Figure 4.4 shows the impact of CeO2 NPs on primary root thickness for four
different treatments and three sorghum cultivars. The marginal means for 500 mg/kg CeO2
NPs were significantly greater than the marginal means for 0, 100, and 1000 mg/kg CeO2
NPs (Table 4.4). However, 500 mg/kg CeO2 NP treatment mean was only significantly
greater than 0, 100 and 1000 mg/kg CeO2 NP treatment means in Grassl (Fig. 4.4).
When the treatment level increased from 0 to 100 mg/kg CeO2 NPs, the primary
root thickness slightly decreased from 0.110 ± 0.003 cm to 0.099 ± 0.005 cm, then
increased to 0.117 ± 0.013 cm when the treatment level reached 500 mg/kg CeO2 NPs, and
finally decreased to 0.109 ± 0.001 cm when the treatment level increased to 1000 mg/kg
CeO2 NPs (Table 4.4).
In 100 mg/kg CeO2 NP treatment, Rio was less adaptable than BTx 623 and Grassl
in primary root thickness growth. In 500 mg/kg treatment, BTx 623 and Rio were more
adaptable than Grassl in primary root thickness growth.

200

In Grassl, a promotion was found in the primary root thickness growth that reached
statistical significance in sorghum exposed to 500 mg/kg CeO2 NPs with respect to the no
CeO2 NP control (0.107 cm). The percentage increase of the thickness in 500 mg/kg was
15.88% (0.124 cm).
In Rio, there was a reduction in the primary root thickness growth that reached
statistical significance in sorghum exposed to 100 mg/kg CeO2 NPs with respect to the no
CeO2 NP control (0.110 cm). The percentage reduction of the thickness in 100 mg/kg CeO2
NP treatment was 13.13% (0.095 cm).

4.3.2.3.3 Primary root volume
Figure 4.5 shows the impact of CeO2 NPs on primary root volume for four different
treatments and three sorghum cultivars. The marginal mean of primary root volume for 0
mg/kg CeO2 NPs was significantly greater than the marginal means for 100, 500 and 1000
mg/kg CeO2 NPs (Table 4.4).
When the treatment level increased from 0 to 100 mg/kg CeO2 NPs, the primary
root volume slightly decreased from 0.80 ± 0.12 cm3 to 0.63 ± 0.06 cm3, then increased to
0.65 ± 0.08 cm3 when the treatment level reached 500 mg/kg CeO2 NPs, and finally
decreased to 0.63 ± 0.21 cm3 when the treatment level increased to 1000 mg/kg CeO2 NPs
(Table 4.4).
In 100 mg/kg CeO2 NP treatment, BTx 263 and Grassl were more adaptable than
Rio in primary root volume (Fig. 4.5).
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In BTx 623, marked inhibitions were found in the primary root volume. The
reductions were 27.90% (0.55 cm3), 24.37% (0.58 cm3) and 29.60% (0.54 cm3) in sorghum
exposed to 100, 500 and 1000 mg/kg CeO2 NPs with respect to the no CeO2 NP control
(0.77 cm3).
In Rio, there was a reduction in the primary root volume that reached statistical
significance in sorghum exposed to 100 mg/kg CeO2 NPs with respect to the no CeO2 NP
control (0.94 cm3). The percentage reduction of the volume in 100 mg/kg CeO2 NP
treatment was 31.29% (0.64 cm3).

4.3.2.3.4 Primary root surface area
Figure 4.6 shows the impact of CeO2 NPs on primary root surface area for four
different treatments and three sorghum cultivars. The marginal mean of primary root
surface area for 0 mg/kg CeO2 NPs was significantly greater than the marginal means for
500 and 1000 mg/kg CeO2 NPs (Table 4.4). However, 0 mg/kg CeO2 NPs mean was only
significantly greater than 500 and 1000 mg/kg CeO2 NPs in BTx 623 (Fig. 4.6).
When the treatment level increased from 0 to 500 mg/kg CeO2 NPs, the primary
root surface area decreased from 21.90 ± 2.95 cm2 to 17.12 ± 3.00 cm2, then slightly
increased to 17.25 ± 6.14 cm2 when the treatment level reached 1000 mg/kg CeO2 NPs
(Table 4.4).
In 0 mg/kg CeO2 NP treatment, Rio grew better than Grassl in primary root surface
area (Fig. 4.6).
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In 500 and 1000 mg/kg CeO2 NP treatments, Rio was more adaptable than BTx 623
and Grassl in primary root surface area.
In BTx 623, marked inhibitions were found in the primary root surface area. The
reductions were 30.35% (14.89 cm2) and 33.14% (14.29 cm2) in sorghum exposed to 500
and 1000 mg/kg CeO2 NPs with respect to the no CeO2 NP control (21.39 cm2).
In Grassl, there was a reduction in the primary root surface area that reached
statistical significance in sorghum exposed to 1000 mg/kg CeO2 NPs with respect to the
no CeO2 NP control (19.26 cm2). The percentage reduction of the surface area in 1000
mg/kg CeO2 NP treatment was 31.73% (13.15 cm2).

4.3.2.4 Lateral roots
4.3.2.4.1 Lateral root total length
Figure 4.7 shows the impact of CeO2 NPs on lateral root total length for four
different treatments and three sorghum cultivars. The marginal mean of lateral root total
length for 0 and 100 mg/kg CeO2 NPs was significantly greater than the marginal means
for 500 and 1000 mg/kg CeO2 NPs (Table 4.4).
When the treatment level increased from 0 to 100 mg/kg CeO2 NPs, the lateral root
total length increased from 116.61 ± 24.51 cm to 126.20 ± 8.12 cm, then increased to 82.85
± 15.59 cm when the treatment level reached 500 mg/kg CeO2 NPs, and finally increased
to 93.52 ± 25.47 cm when treatment level increased to 1000 mg/kg CeO2 NPs (Table 4.4).
In 500 mg/kg CeO2 NP treatment, Grassl and BTx 623 were more adaptable than
Rio in lateral root total length (Fig. 4.7).
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In BTx 623, marked inhibitions were found in lateral root total length. The
reductions were 40.20% (66.48 cm) and 30.72% (77.02 cm) in sorghum exposed to 500
and 1000 mg/kg CeO2 NPs with respect to the no CeO2 NP control (111.17 cm).
In Rio, there was a reduction in lateral root total length that reached statistical
significance in sorghum exposed to 500 mg/kg CeO2 NPs with respect to the no CeO2 NP
control (143.38 cm). The percentage reduction of the length in 500 mg/kg CeO2 NP
treatment was 15.32% (97.51 cm).

4.3.2.4.2 Lateral root total surface area
Figure 4.8 shows the impact of CeO2 NPs on lateral root total surface area for four
different treatments and three sorghum cultivars. The marginal means of lateral root total
surface area for 0 and 100 mg/kg CeO2 NPs were significantly greater than the marginal
means for 500 mg/kg CeO2 NPs (Table 4.4). However, 0 and 100 mg/kg CeO2 NPs means
were only significantly greater than 500 mg/kg CeO2 NPs in BTx 623 (Fig. 4.8).
When the treatment level increased from 0 to 100 mg/kg CeO2 NPs, the lateral root
total surface area increased from 13.72 ± 3.47 cm2 to 14.13 ± 1.06 cm2, then decreased to
9.85 ± 1.71 cm2 when the treatment level reached 500 mg/kg CeO2 NPs, and finally
increased to 11.30 ± 3.35 cm2 when treatment level increased to 1000 mg/kg CeO2 NPs
(Table 4.4).
In 500 mg/kg CeO2 NP treatment, Grassl was more adaptable than BTx 623 and
Rio in lateral root total surface area (Fig. 4.8).
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In BTx 623, a reduction was found in lateral root total surface area. The reductions
were 42.44% (7.88 cm2) in sorghum exposed to 500 mg/kg CeO2 NPs with respect to the
no CeO2 NP control (13.69 cm2).
In Rio, there was a reduction in lateral root total surface area that reached statistical
significance in sorghum exposed to 500 mg/kg CeO2 NPs with respect to the no CeO2 NP
control (17.21 cm2). The percentage reduction of surface area in 500 mg/kg CeO2 NP
treatment was 36.08% (11.00 cm2).

4.3.2.4.3 Lateral root total volume
Figure 4.9 shows the impact of CeO2 NPs on lateral root total volume for four
different treatments and three sorghum cultivars. The marginal means of lateral root total
volume are similar for all treatments. However, 0 and 1000 mg/kg CeO2 NPs means were
significantly greater than 500 mg/kg CeO2 NPs in Rio (Table 4.4).
When the treatment level increased from 0 to 500 mg/kg CeO2 NPs, the lateral root
total volume decreased from 0.159 ± 0.050 cm3 to 0.124 ± 0.020 cm3, and then increased
to 0.149 ± 0.036 cm3 when the treatment level reached 1000 mg/kg CeO2 NPs (Table 4.4).
In 100 and 500 mg/kg CeO2 NP treatments, BTx 623 and Grassl were more
adaptable than Rio in lateral root total volume (Fig. 4.9).
In Rio, there were reductions in lateral root total volume that reached statistical
significance in sorghum exposed to100 and 500 mg/kg CeO2 NPs with respect to the no
CeO2 NP control (0.206 cm3). The percentage reduction of the volume in 100 and 500
mg/kg CeO2 NP treatments were 26.21% (0.152 cm3)and 37.70% (0.128 cm3), respectively.
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4.3.2.4.4 Lateral root thickness
Figure 4.10 shows the impact of CeO2 NPs on lateral root thickness for four
different treatments and three sorghum cultivars. The marginal means of lateral root total
surface area for 500 and 1000 mg/kg CeO2 NPs were significantly greater than the marginal
mean for 100 mg/kg CeO2 NPs (Table 4.4). However, 500 and 1000 mg/kg CeO2 NPs
means were significantly greater than 0 mg/kg CeO2 NPs in Grassl. The 0 mg/kg CeO2 NPs
mean was significantly greater than 500 mg/kg CeO2 NPs in Rio (Fig. 4.10).
When the treatment level increased from 0 to 100 mg/kg CeO2 NPs, the lateral root
thickness decreased from 0.0391 ± 0.0027 cm to 0.0381 ± 0.0008 cm, and then increased
to 0.0409 ± 0.0012 cm when the treatment level reached 1000 mg/kg CeO2 NPs (Table
4.4).
In 500 mg/kg CeO2 NP treatment, BTx 623 was more adaptable than Grassl and
Rio in lateral root thickness (Fig. 4.10) .
In 1000 mg/kg CeO2 NP treatment, BTx 623 and Rio were more adaptable than
Grassl in lateral root thickness.
In Grassl, there were promotions in lateral root thickness that reached statistical
significance in sorghum exposed to 500 mg/kg CeO2 NPs and 1000 mg/kg CeO2 NPs with
respect to the no CeO2 NP control (0.0359 cm). The percentage promotions of the thickness
in 500 and 1000 mg/kg CeO2 NP treatments were 17.04% (0.0421 cm) and 11.44% (0.0401
cm).
In Rio, there was a reduction in lateral root thickness that reached statistical
significance in sorghum exposed to 500 mg/kg CeO2 NPs with respect to the no CeO2 NP
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control (0.0406 cm). The percentage reduction of the thickness in 500 mg/kg CeO2 NP
treatment was 6.4% (0.0380 cm).

4.3.2.4.5 Number of lateral roots
Figure 4.11 shows the impact of CeO2 NPs on the number of lateral roots for four
different treatments and three sorghum cultivars. The marginal mean of number of lateral
roots area for 100 mg/kg CeO2 NP treatment was significantly greater than the marginal
mean for 0 mg/kg CeO2 NP treatment—which was significantly greater than the marginal
means for 500 and 1000 mg/kg CeO2 NP treatments (Table 4.4). However, 100 mg/kg
CeO2 NPs mean treatment was significantly greater than the mean of 0 mg/kg CeO2 NP
treatment—which was significantly greater than the mean for 500 and 1000 mg/kg CeO2
NP treatments. This phenomenon was found only in Grassl (Fig. 4.11).
When the treatment level increased from 0 to 100 mg/kg CeO2 NPs, the number of
lateral roots increased from 208.12 ± 42.90 to 246.61 ± 15.95, and then decreased to 137.45
± 49.89 when the treatment level reached 1000 mg/kg CeO2 NPs (Table 4.4).
In BTx 623, there were reductions in the number of lateral roots that reached
statistical significance in sorghum exposed to 500 mg/kg CeO2 NPs and 1000 mg/kg CeO2
NPs with respect to the no CeO2 NP control (179.25). The percentage reductions of the
number in 500 and 1000 mg/kg CeO2 NP treatments were 50.16% (89.33) and 50.81%
(88.17) (Fig. 4.11).
In Grassl, there was a promotion in the number of lateral roots that reached
statistical significance in sorghum exposed to 100 mg/kg CeO2 NPs, and there was a
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reduction in the number of lateral roots that reached statistical significance in sorghum
exposed to 500 mg/kg CeO2 NPs with respect to the no CeO2 NP control (187.70). The
percentage promotion of the thickness in 100 mg/kg CeO2 NP treatment was 39.49%
(261.82), and the percentage reduction of the number in 500 mg/kg CeO2 NP treatments
was 33.09% (125.58).
In Rio, there was a reduction in the number of lateral roots that reached statistical
significance in sorghum exposed to 1000 mg/kg CeO2 NPs with respect to the no CeO2 NP
control (257.42). The percentage reduction of the number in 1000 mg/kg CeO2 NP
treatment was 27.00% (187.92).

4.3.2.4.6 Surface area/volume ratios of lateral root
Figure 4.12 shows the impact of CeO2 NPs on surface area/volume ratios of lateral
root for four different treatments and three sorghum cultivars. The marginal means of
surface area/volume ratios of lateral root for 0 and 100 mg/kg CeO2 NP treatments were
significantly greater than the marginal mean for 500 and 1000 mg/kg CeO2 NP treatments
(Table 4.4). However, 0 and 100 mg/kg CeO2 NPs means were only significantly greater
than the means for 500 and 1000 mg/kg CeO2 NP treatments in BTx 623 and Grassl (Fig.
4.12).
When the treatment level increased from 0 to 100 mg/kg CeO2 NPs, the surface
area/volume ratios of lateral root slightly increased from 91.38 ± 6.90 to 91.42 ± 2.36, and
then decreased to 75.21 ± 7.08 when the treatment level reached 1000 mg/kg CeO2 NPs
(Table 4.4).
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In 500 and 1000 mg/kg CeO2 NP treatments, Rio was more adaptable than BTx 623
and Grassl in surface area/volume ratio of lateral root (Fig. 4.12).
In BTx 623, there were reductions in surface area/volume ratio of lateral root that
reached statistical significance in sorghum exposed to 500 mg/kg CeO2 NPs and 1000
mg/kg CeO2 NPs with respect to the no CeO2 NP control (89.57). The percentage
reductions of the ratio in 500 and 1000 mg/kg CeO2 NP treatments were 14.63% (76.46)
and 24.95% (67.22).
In Grassl, there were reductions in surface area/volume ratio of lateral root that
reached statistical significance in sorghum exposed to 500 mg/kg CeO2 NPs and 1000
mg/kg CeO2 NPs with respect to the no CeO2 NP control (99.00). The percentage
reductions of the ratio in 500 and 1000 mg/kg CeO2 NP treatments were 24.08% (75.16)
and 21.51% (77.71).

4.3.2.5 Shoots
4.3.2.5.1 Top leaf length
Figure 4.13 shows the impact of CeO2 NPs on top leaf length for four different
treatments and three sorghum cultivars. The marginal mean of top leaf length for 100
mg/kg CeO2 NP treatment was significantly greater than the marginal means for 0 and 500
mg/kg CeO2 NP treatments (Table 4.4). However, 100 mg/kg CeO2 NPs was only
significantly greater than 0 and 500 mg/kg CeO2 NP treatments in Rio (Fig. 4.13).
When the treatment level increased from 0 to 100 mg/kg CeO2 NPs, the top leaf
length increased from 145.45 ± 51.96 mm to 180.20 ± 58.16 mm, then decreased to 131.43

209

± 49.21 mm when the treatment level reached 500 mg/kg CeO2 NPs, and finally increased
to 163.74 ± 35.84 mm when treatment level increased to 1000 mg/kg CeO2 NPs (Table
4.4).
In 100 mg/kg CeO2 NP treatment, BTx 623 and Grassl were more adaptable than
Rio in top leaf length.
In 1000 mg/kg CeO2 NP treatment, Grassl was more adaptable than BTx 623 and
Rio in top leaf length.
In BTx 623, there was a promotion in top leaf length that reached statistical
significance in sorghum exposed to 1000 mg/kg CeO2 NPs with respect to the no CeO2 NP
control (89.29 mm). The percentage promotion of the length in 1000 mg/kg CeO2 NP
treatment was 65.91% (148.14 mm).
In Rio, there were promotions in top leaf length that reached statistical significance
in sorghum exposed to 100 and 1000 mg/kg CeO2 NPs with respect to the no CeO2 NP
control (155.25 mm). The percentage promotions of the length in 100 and 1000 mg/kg
CeO2 NP treatments were 38.12% (214.44 mm) and 31.87% (204.73 mm).

4.3.2.5.2 Top leaf width
Figure 4.14 shows the impact of CeO2 NPs on top leaf width for four different
treatments and three sorghum cultivars. The marginal means of top leaf width for all
treatments were not significantly different (Table 4.4). However, 0 and 100 mg/kg CeO2
NP treatments means were significantly greater than 1000 mg/kg CeO2 NPs in Grassl (Fig.
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4.14). The 1000 mg/kg CeO2 NP treatment mean was significantly greater than 0 mg/kg
CeO2 NPs in Rio.
When the treatment level increased from 0 to 100 mg/kg CeO2 NPs, the top leaf
width increased from 10.60 ± 2.34 mm to 11.16 ± 2.72 mm, then decreased to 10.00 ± 3.47
mm when the treatment level reached 500 mg/kg CeO2 NPs, and finally increased to 10.57
± 4.46 mm when treatment level increased to 1000 mg/kg CeO2 NPs (Table 4.4).
In Grassl, there was a reduction in top leaf width that reached statistical significance
in sorghum exposed to 1000 mg/kg CeO2 NPs with respect to the no CeO2 NP control
(10.20 mm). The percentage reduction of the width in 1000 mg/kg CeO2 NP treatment was
35.47% (6.58 mm) (Fig. 4.14).
In Rio, there was a promotion in top leaf width that reached statistical significance
in sorghum exposed to 1000 mg/kg CeO2 NPs with respect to the no CeO2 NP control
(13.12 mm). The percentage reduction of the width in 1000 mg/kg CeO2 NP treatment was
35.47% (15.38 mm).

4.3.2.5.3 Total number of leaves
Figure 4.15 shows the impact of CeO2 NPs on the total number of leaves for four
different treatments and three sorghum cultivars. The marginal means of total number of
leaves for 0 and 500 mg/kg CeO2 NP treatments were significantly greater than 1000 mg/kg
CeO2 NP treatment (Table 4.4). However, 0 mg/kg CeO2 NP treatment mean was
significantly greater than 1000 mg/kg CeO2 NPs in BTx 623 (Fig. 4.15). The 0 mg/kg CeO2
NP treatment mean was significantly greater than 100 and 1000 mg/kg CeO2 NPs in Rio.
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When the treatment level increased from 0 to 100 mg/kg CeO2 NPs, the total
number of leaves decreased from 4.88 ± 0.53 to 4.68 ± 0.32, then increased to 4.74 ± 0.45
when the treatment level reached 500 mg/kg CeO2 NPs, and finally decreased to 4.47 ±
0.54 when treatment level increased to 1000 mg/kg CeO2 NPs (Table 4.4).
In 100 mg/kg CeO2 NP treatment, BTx 623 and Grassl were more adaptable than
Rio in total number of leaves.
In 1000 mg/kg CeO2 NP treatment, Grassl was more adaptable than BTx 623 and
Rio in total number of leaves.
In BTx 623, there was a reduction in total number of leaves that reached statistical
significance in sorghum exposed to 1000 mg/kg CeO2 NPs with respect to the no CeO2 NP
control (5.00). The percentage reduction of the number in 1000 mg/kg CeO2 NP treatment
was 10.00% (4.50).
In Rio, there were reductions in total number of leaves that reached statistical
significance in sorghum exposed to 1000 mg/kg CeO2 NPs with respect to the no CeO2 NP
control (5.33). The percentage reduction of the number in 100 and 1000 mg/kg CeO2 NP
treatments were and 6.19% (5.00) and 6.19% (5.00).

4.3.2.6 Seedling biomass
4.3.2.6.1 Total wet root weight
Figure 4.16 shows the impact of CeO2 NPs on total wet root weight for four
different treatments and three sorghum cultivars. The marginal mean of total wet root
weight for 100 mg/kg CeO2 NP treatment was significantly greater than the marginal mean
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for 0, 500 and 1000 mg/kg CeO2 NP treatments—which was significantly greater than
means for 500 and 1000 mg/kg CeO2 NP treatments (Table 4.4). However, no cultivars
have the same significant differences as the general treatment effect in total wet root weight
(Fig. 4.16).
When the treatment level increased from 0 to 100 mg/kg CeO2 NPs, the total wet
root weight increased from 43.36 ± 4.41 mg to 53.62 ± 20.60 mg, and then decreased to
34.57 ± 8.40 mg when the treatment level reached 1000 mg/kg CeO2 NPs (Table 4.4).
In 100 mg/kg CeO2 NP treatment, BTx 623 and Rio were more adaptable than
Grassl in total wet root weight (Fig. 4.16).
In 500 mg/kg CeO2 NP treatment, BTx 623 and Grassl were more adaptable than
Rio in total wet root weight.
In 1000 mg/kg CeO2 NP treatment, BTx 623 and Rio were more adaptable than
Grassl in total wet root weight.
In Grassl, there was a promotion in total wet root weight that reached statistical
significance in sorghum exposed to 100 mg/kg CeO2 NPs with respect to the no CeO2 NP
control (43.27 mg) and a reduction for 1000 mg/kg CeO2 NPs. The percentage promotion
of the weight in 100 mg/kg CeO2 NP treatment was 78.90% (77.41 mg), and the percentage
reduction of the weight in 1000 mg/kg CeO2 NP treatment was 34.93% (28.16 mg).
In Rio, there was a reduction in total wet root weight that reached statistical
significance in sorghum exposed to 500 mg/kg CeO2 NPs with respect to the no CeO2 NP
control (47.81 mg). The percentage reduction of the weight in 500 mg/kg CeO2 NP
treatment was 19.09% (38.68 mg).
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4.3.2.6.2 Total dry root weight
Figure 4.17 shows the impact of CeO2 NPs on total dry root weight for four
different treatments and three sorghum cultivars. The marginal mean of total dry root
weight for 0 mg/kg CeO2 NP treatment was significantly greater than the marginal means
for 100, 500 and 1000 mg/kg CeO2 NP treatments (Table 4.4). However, 0 mg/kg CeO2
NP treatment was only significantly greater than 100, 500 and 1000 mg/kg CeO2 NPs in
Rio (Fig. 4.17).
When the treatment level increased from 0 to 1000 mg/kg CeO2 NPs, the total dry
root weight decreased from 16.53 ± 5.12 mg to 12.56 ± 3.92 mg (Table 4.4).
In 100, 500 and 1000 mg/kg CeO2 NP treatments, BTx 623 and Grassl were more
adaptable than Rio in total dry root weight (Fig. 4.17).
In Rio, there were reductions in total dry root weight that reached statistical
significance in sorghum exposed to 100, 500 and 1000 mg/kg CeO2 NPs with respect to
the no CeO2 NP control (22.43 mg). The percentage reduction of the weight in 100, 500
and 1000 mg/kg CeO2 NP treatments were 33.89% (14.83 mg), 24.16% (17.01 mg) and
24.71% (16.88 mg).

4.3.2.6.3 Water content in wet basis
Figure 4.18 shows the impact of CeO2 NPs on water content in wet basis for four
different treatments and three sorghum cultivars. The marginal mean of water content in
wet basis for 100 mg/kg CeO2 NP treatment was significantly greater than the marginal
means for 0, 500 and 1000 mg/kg CeO2 NP treatments (Table 4.4).
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When the treatment level increased from 0 to 100 mg/kg CeO2 NPs, the water
content in wet basis increased from 62.29 ± 8.89 to 71.20 ± 7.23, and then decreased to
61.46 ± 2.20 when the treatment level reached 1000 mg/kg CeO2 NPs (Table 4.4).
In 100 and 1000 mg/kg CeO2 NP treatments, BTx 623 and Grassl were more
adaptable than Rio in water content in wet basis (Fig. 4.18).
In Rio, there were promotions in water content in wet basis that reached statistical
significance in sorghum exposed to 100 and 1000 mg/kg CeO2 NPs with respect to the no
CeO2 NP control (52.61). The percentage promotions of the water content in 100 and 1000
mg/kg CeO2 NP treatments were 21.34% (63.82) and 17.14% (61.61).

4.3.2.6.4 Total leaves weight
Figure 4.19 shows the impact of CeO2 NPs on total leaves weight for four different
treatments and three sorghum cultivars. The marginal means of total leaves weight for 0,
100 and 1000 mg/kg CeO2 NP treatments were significantly greater than the marginal
means for 500 mg/kg CeO2 NP treatment (Table 4.4). However, no cultivars have the same
significant differences as the general treatment effect (Fig. 4.19).
When the treatment level increased from 0 to 500 mg/kg CeO2 NPs, the total leaves
weight decreased from 1.16 ± 0.13 g to 0.94 ± 0.14 g, and then increased to 1.08 ± 0.34 g
when the treatment level reached 1000 mg/kg CeO2 NPs (Table 4.4).
In 100 mg/kg CeO2 NP treatment, Grassl was more adaptable than BTx 623 and
Rio in total leaves weight (Fig. 4.19).
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In 500 mg/kg CeO2 NP treatment, Rio was more adaptable than BTx 623 and Grassl
in total leaves weight.
In BTx 623, there were reductions in total leaves weight that reached statistical
significance in sorghum exposed to 100, 500 and 1000 mg/kg CeO2 NPs with respect to
the no CeO2 NP control (1.29 g). The percentage reductions of the weight in 100, 500 and
1000 mg/kg CeO2 NP treatments were 26.09% (0.96 g), 30.50% (0.90 g) and 18.59% (1.05
g), respectively.
In Grassl, there were reductions in total leaves weight that reached statistical
significance in sorghum exposed to 500 and 1000 mg/kg CeO2 NPs with respect to the no
CeO2 NP control (1.14 g). The percentage reductions of the weight in 500 and 1000 mg/kg
CeO2 NP treatments were 27.69% (0.82 g) and 33.36% (0.76 g), respectively.
In Rio, there were promotions in total leaves weight that reached statistical
significance in sorghum exposed to 100 and 1000 mg/kg CeO2 NPs with respect to the no
CeO2 NP control (1.04 g). The percentage promotions of the weight in 100 and 1000 mg/kg
CeO2 NP treatments were 21.80% (1.27 g) and 37.94% (1.44 g).

4.3.3 Combined parameters of root morphology and seedling growth
4.3.3.1 Total wet weight
Figure 4.20 shows the impact of CeO2 NPs on total wet weight for four different
treatments and three sorghum cultivars. The marginal mean of total wet weight for 100
mg/kg CeO2 NP treatment was significantly greater than the marginal means for 0, 500 and
1000 mg/kg CeO2 NP treatments (Table 4.4). However, 100 mg/kg CeO2 NP treatment
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mean was significantly greater than 0, 500 and 1000 mg/kg CeO2 NP treatment means in
Grassl (Fig. 4.20).
When the treatment level increased from 0 to 100 mg/kg CeO2 NPs, the total wet
weight increased from 44.52 ± 4.28 mg to 54.75 ± 20.63 mg, then decreased to 35.65 ±
8.72 mg when the treatment level reached 1000 mg/kg CeO2 NPs (Table 4.4).
In 100 and 1000 mg/kg CeO2 NP treatments, BTx 623 and Rio were more adaptable
than Grassl in total wet weight (Fig. 4.20).
In 500 mg/kg CeO2 NP treatment, BTx 623 and Grassl were more adaptable than
Rio in total wet weight.
In BTx 623, there was a reduction in total wet weight that reached statistical
significance in sorghum exposed to 500 mg/kg CeO2 NPs with respect to the no CeO2 NP
control (40.29 mg). The percentage reduction of the weight in 500 mg/kg CeO2 NP
treatment was 26.53% (29.60 mg).
In Grassl, there were a promotion and a reduction in total wet weight that reached
statistical significance in sorghum exposed to 100 and 1000 mg/kg CeO2 NPs with respect
to the no CeO2 NP control (44.41 mg). The percentage promotion and percentage reduction
of the weight in 100 and 1000 mg/kg CeO2 NP treatments were 76.94% (78.58 mg) and
34.88% (28.92 mg), respectively.
In Rio, there was a reduction in total wet weight that reached statistical significance
in sorghum exposed to 500 mg/kg CeO2 NPs with respect to the no CeO2 NP control (48.85
mg). The percentage reduction of the weight in 500 mg/kg CeO2 NP treatment was 18.59%
(39.77 mg).
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4.3.3.2 Ratio of wet root weight/total wet weight
Figure 4.21 shows the impact of CeO2 NPs on ratio of wet root weight/total wet
weight for four different treatments and three sorghum cultivars. The marginal mean of
ratio of wet root weight/total wet weight for 500 mg/kg CeO2 NP treatment was
significantly greater than the marginal means for 0 and 1000 mg/kg CeO2 NP treatments
(Table 4.4). However, 500 mg/kg CeO2 NP treatment mean was only significantly greater
than 0 and 1000 mg/kg CeO2 NP treatment means in Grassl (Fig. 4.21).
When the treatment level increased from 0 to 500 mg/kg CeO2 NPs, the ratio of wet
root weight/total wet weight slightly increased from 0.04 ± 0.01 to 0.05 ± 0.03, and then
decreased to 0.03 ± 0.01 when the treatment level increased to 1000 mg/kg CeO2 NPs
(Table 4.4).
In 100 mg/kg CeO2 NP treatment, Grassl was more adaptable than BTx 623 and
Rio in ratio of wet root weight/total wet weight (Fig. 4.21).
In 500 mg/kg CeO2 NP treatment, BTx 623 was more adaptable than Grassl and
Rio in ratio of wet root weight/total wet weight.
In 1000 mg/kg CeO2 NP treatment, BTx 623 and Grassl were more adaptable than
Rio in ratio of wet root weight/total wet weight.
In BTx 623, there was a promotion in ratio of wet root weight/total wet weight that
reached statistical significance in sorghum exposed to 100 mg/kg CeO2 NPs with respect
to the no CeO2 NP control (0.03). The percentage promotion of the ratio in 100 mg/kg
CeO2 NP treatment was 66.67% (0.05).
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In Grassl, there was a promotion in ratio of wet root weight/total wet weight that
reached statistical significance in sorghum exposed to 500 mg/kg CeO2 NPs with respect
to the no CeO2 NP control (0.04). The percentage promotion of the ratio in 500 mg/kg
CeO2 NP treatment was 125% (0.09).
In Rio, there were reductions in ratio of wet root weight/total wet weight that
reached statistical significance in sorghum exposed to 100, 500, and 1000 mg/kg CeO2 NPs
with respect to the no CeO2 NP control (0.05). The percentage reductions of the ratio in
100, 500 and 1000 mg/kg CeO2 NP treatments were 40.00% (0.03), 20.00% (0.04), and
40.00% (0.03), respectively.

4.3.3.3 Total root length
Figure 4.22 shows the impact of CeO2 NPs on total root length for four different
treatments and three sorghum cultivars. The marginal means of total root length for 0 and
100 mg/kg CeO2 NP treatments were significantly greater than the marginal means for 500
and 1000 mg/kg CeO2 NP treatments (Table 4.4). However, 0 and 100 mg/kg CeO2 NP
treatment means were only significantly greater than 500 and 1000 mg/kg CeO2 NP
treatment means in BTx 623 (Fig. 4.22).
When the treatment level increased from 0 to 100 mg/kg CeO2 NPs, the total root
length increased from 174.36 ± 21.96 cm to 187.44 ± 2.76 cm, then decreased to 121.12 ±
31.66 cm when the treatment level reached 500 mg/kg CeO2 NPs, and finally increased to
130.09 ± 41.11 cm when treatment level increased to 1000 mg/kg CeO2 NPs (Table 4.4).
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In 500 mg/kg CeO2 NP treatment, Grassl was more adaptable than BTx 623 and
Rio in total root length (Fig. 4.22).
In 1000 mg/kg CeO2 NP treatment, Rio were more adaptable than BTx 623 and
Grassl in total root length.
In BTx 623, there were reductions in total root length that reached statistical
significance in sorghum exposed to 500 and 1000 mg/kg CeO2 NPs with respect to the no
CeO2 NP control (170.81 cm). The percentage reductions of the length in 500 and 1000
mg/kg CeO2 NP treatments were 43.02% (97.32 cm) and 37.56% (106.66 cm), respectively.
In Grassl, there was a reduction in total root length that reached statistical
significance in sorghum exposed to 1000 mg/kg CeO2 NPs with respect to the no CeO2 NP
control (154.39 cm). The percentage reduction of the length in 1000 mg/kg CeO2 NP
treatment was 31.31% (106.05 cm).
In Rio, there was a reduction in total root length that reached statistical significance
in sorghum exposed to 500 mg/kg CeO2 NPs with respect to the no CeO2 NP control
(197.87 cm). The percentage reduction of the length in 500 mg/kg CeO2 NP treatment was
25.99% (157.05 cm).

4.3.3.4 Total root surface area
Figure 4.23 shows the impact of CeO2 NPs on total root surface area for four
different treatments and three sorghum cultivars. The marginal mean of total root surface
area for 0 mg/kg CeO2 NP treatment was significantly greater than the marginal means for
500 and 1000 mg/kg CeO2 NP treatments (Table 4.4). However, 0 mg/kg CeO2 NP
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treatment mean was only significantly greater than 500 and 1000 mg/kg CeO2 NP
treatments in BTx 623 (Fig. 4.23).
When the treatment level increased from 0 to 1000 mg/kg CeO2 NPs, the total root
surface area increased from 35.63 ± 6.40 cm2 to 28.55 ± 9.46 cm2 (Table 4.4).
In 100 mg/kg CeO2 NP treatment, BTx 623 and Grassl were more adaptable than
Rio in total root surface area (Fig. 4.23).
In 500 mg/kg CeO2 NP treatment, Grassl was more adaptable than BTx 623 and
Rio in total root surface area.
In 1000 mg/kg CeO2 NP treatment, Grassl and Rio were more adaptable than BTx
623 in total root surface area.
In BTx 623, there were reductions in total root surface area that reached statistical
significance in sorghum exposed to 500 and 1000 mg/kg CeO2 NPs with respect to the no
CeO2 NP control (35.06 cm2). The percentage reductions of the surface area in 500 and
1000 mg/kg CeO2 NP treatments were 35.08% (22.76 cm2) and 33.37% (23.36 cm2),
respectively.
In Rio, there were reductions in total root surface area that reached statistical
significance in sorghum exposed to 100 and 500 mg/kg CeO2 NPs with respect to the no
CeO2 NP control (42.29 cm2). The percentage reductions of the surface area in 100 and
500 mg/kg CeO2 NP treatments were 19.01% (34.25 cm2) and 25.46% (31.52 cm2),
respectively.
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4.4 Discussion
Plant roots are of importance for plant stabilization, mainly in terms of their water
and nutrient uptake from the growth media. Root system architecture is influenced by the
genotype-by-environment (G×E) reaction (Fitter, 2002; Masle, 2002), which means both
genetic and environmental factors have effects on roots. The responses of seedling
morphology, especially root system architecture, for different sorghum cultivars to the
CeO2 NP treatment effects justify the phytotoxicity of CeO2 NPs to sorghum cultivated in
CeO2 NP contaminated areas. Quantitative analyses from the image analysis tool help us
to know the root system architecture of the three sorghum cultivars under four different
CeO2 NP treatments and gain a better understanding of G×E reaction and sorghum plant
responses to abiotic stresses.

4.4.1 Response of sorghum seedlings to the CeO2 NP treatment effects
Based on our findings above, there are evidences for inhibitions on sorghum
seedling growth and root development at higher CeO2 NP treatment levels (500 and 1000
mg/kg CeO2 NPs) (Table 4.4). This “less fine roots and more coarse roots” strategy
increased in mean root diameter but decreased in root length for both the primary and
lateral roots, primary and total root surface area, and surface/volume ratio of lateral root.
This metal stress avoidance mechanism was also found in Arabidopsis thaliana cultivated
under metal (Cd/Cu/Zn) stress. The metals increased mean root diameter in Arabidopsis
thaliana, which remodeled its root architecture to seek metal-free patches by growing
thicker roots (Bochicchio et al., 2015). Similarly, total root length, root surface area, and
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root volume of soybean (Glycine max (L.) Merr) under Cd stress significantly decreased
when compared to the controls (Wang et al., 2016a).
However, stimulations on wet biomass and leaf development at a low CeO2 NP
treatment level (100 mg/kg CeO2 NPs) were found in our study (Table 4.4). Similarly, the
fertilizer "Changle” (with 50.2% of Ce) increased rice (Oryza sativa) seedling root growth
(Yuan et al., 2001). Moreover, the root length increased when wheat seedlings were
exposed to 40 - 160 µg/L o-MWCNT (X. Wang et al., 2012). Similar to our study, low
CeO2 NP treatment level (100 mg/kg CeO2 NPs) stimulations and higher CeO2 NP
treatment level (1000 mg/kg CeO2 NPs) inhibitions were also found for root fresh and dry
biomass in lettuce plants (Gui et al., 2015). The hormesis effects can be used to explain a
dose-response phenomenon of low-dose stimulations and high-dose inhibitions (Cañas et
al., 2008). When the concentration of phytotoxic compounds does not reach a level that is
high enough to create permanent damage to plants, hormesis takes effect. In this case, the
presence of stress will rather cause the activation of the metabolism of the plant and
promote plant growth (Calabrese, 2004; Calabrese and Blain, 2009; Laughlin Jr et al.,
1981).

4.4.2 Phytotoxicity of CeO2 NPs to sorghum cultivars
The plasticity of root system architecture, represented by root morphology
parameters, is vital for root growth, which is controlled by plant regulators and inherent
genetic factors (Xia et al., 2016). Root morphology parameters indicate a plant’s health
and provide critical information of CeO2 NP influence on sorghum cultivar seedlings. For
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example, root length and root surface are proportional to the amount of water and nutrient
uptake per unit time (Laperche et al., 2006). Root volume can be used to measure the
product of cell volume and cell number in the region of a given tissue (Cai et al., 2015).
The surface area/volume ratio of lateral root represents the absorption of minerals and
water. Normally, roots have larger surface area/volume ratios to maximize nutrient
absorption for an efficient absorption process. In some studies, root morphology has been
used as a selection criterion for plants for phytoremediation. For example, a fine and widely
branched root system was suggested to extract heavy metals from contaminated soils
(Keller et al., 2003). In addition, pak choi cultivars with longer root length, greater surface
area, higher root volume, and a greater proportion of fine roots suggested higher Cd
accumulation in the plants and made them candidates for phytoremediation (Xia et al.,
2016). Shorter root lengths , smaller surface area and root volumes, and a lower proportion
of fine roots in other pak choi cultivars indicated low Cd accumulation in the plants, a
condition ideal for safe food cultivation in polluted areas. Moreover, the primary roots and
lateral roots are analyzed as distinct objects to study for organ-specific responses under
abiotic and nutrient deficiency stresses. A study on barley shows that localized supply of
nutrients (nitrate, phosphate or ammonium) has the positive effect on lateral root
development, but little effect on primary roots (Drew, 1975; Drew et al., 1973).
In our study, root morphology parameters in sorghum cultivars Grassl, BTx 623,
and Rio did not behave in the same way at the same CeO2 NP treatment. At 500 and 1000
mg/kg CeO2 NP treatments, Rio was more CeO2 NP tolerant, but Grassl and BTx 623 were
more CeO2 NP sensitive for root morphology parameters. Similarly, root morphology
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under the same stress also varied among different cultivars of the same species (Bochicchio
et al., 2015; Lu et al., 2013; Wang et al., 2016a; Xia et al., 2016). The phenomenon in our
study indicates that sorghum modifies its root system architecture and root biomass
development to assure its survival under CeO2 NP stress. The mechanisms of this strategy
were to prevent the roots from absorbing the CeO2 NPs into the root cells by growing
shorter and thicker roots or less lateral roots and to reduce and control the uptake, xylemloading, and accumulation of metal or salt in plant tissues among cultivars (Bafeel, 2014;
Berkelaar and Hale, 2000; Lu et al., 2013; Lux et al., 2011; Weng et al., 2012). There are
three major ways to restrict metal movement in the pathways of root systems: sequestration
detoxification in root vacuoles, apoplastic barrier development, and maturation
acceleration of the endodermis closer to the root apex (Lux et al., 2011).
Moreover, decreases in root or shoot biomass are also indicators of plant response
to heavy metal stress. Root biomass (total dry root weight) and shoot biomass (total leaves
weight) reductions were found for 100 mg/kg CeO2 NPs threshold in Rio and BTx 623,
respectively (Figs. 4.16 and 4.18). Similarly, both the root and shoot biomasses of the five
soybean cultivars were significantly decreased under Cd stress (Wang et al., 2016a).
However, no significant decreases were found for root biomass of pak choi cultivars under
Cd, and shoot biomasses showed a decrease in the Shaoxingyoudong’er cultivar but
increases in Haidatou and Shanghaiqing cultivars (Xia et al., 2016).
Other strategies and mechanisms by roots can also be used to explain the responses
of sorghum to CeO2 NPs for three sorghum cultivars in our study. The toxicity of NPs may
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be caused by excess production of reactive oxygen species (ROS) and nanoparticle and
heavy metal ion effects.
The oxidative stress—excess ROS damage—is often one of the explanations for
the phytotoxicity. The antioxidant defense system in plant cells consists of antioxidant
enzymes such as superoxide dismutase (SOD) and peroxidase (POD); it clears the excess
of reactive ROS. The ROS that is not cleared in a timely manner is harmful to plant cell
membrane and antioxidant defense system. For example, SOD and POD activities were
down-regulated but malondialdehyde (MDA, a degraded product caused by free radicals
damage to cell membrane) was increased by CeO2 NPs in lettuce roots (Gui et al., 2015).
In most cases of the present study, reductions were observed in root length growth for both
primary and lateral roots. The reason may be that NPs or their released metal ions enter
into the cells and break the balance between generation and removal of ROS and then result
in excessive production of ROS (Sharifi et al., 2012). The damaged root membrane systems
had enhanced permeability and cell water loss, and plasmolysis led to cell division and cell
width. Similar symptoms were also found in reduced root elongation and increased root
diameters on asparagus lettuce at high concentrations (> 500 mg/L) of CeO2 NPs (Cui et
al., 2014).
Except for excess ROS, heavy metal ions are one of the main explanations for
phytotoxicity of nanoparticles to plant growth. For example, Ce3+ released from CeO2 NPs
in the roots probably induce phytotoxicity (Zhang et al., 2013). Metal stressors may cause
the change of root morphologies in Arabidopsis thaliana (Bochicchio et al., 2015).
Moreover, nanoparticles were observed in the intercellular spaces and cells in the primary
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root-lateral root junction areas and apoplast, cytoplasm, membrane and vacuoles of some
intact cells in the root tips (Lv et al., 2015). The higher nanoparticle concentration increased
nanoparticles at the junction areas and reduced the lateral root growth. ZnO NPs penetrated
the endodermal and vascular cells of ryegrass roots (Lin and Xing, 2008). Magnetic carboncoated NPs penetrated the root, reached the vascular cylinder, and moved in the xylem
vessels to the aerial part of the plants using transpiration stream (Cifuentes et al., 2010).
CeO2 NPs can be taken up by plants, a finding demonstrated by observing FITC-stained
NPs in the vascular cylinder of corn roots (Zhao et al., 2012). The root rhizosphere
environment also plays an important role in nanoparticle phytotoxicity in plant growth. For
example, natural organic matter, such as humic acid or fulvic acid in organic soil, can
surface-coat NP aggregates to increase NPs mobility, a finding that might increase the
chances of CeO2 NPs attaching to the root surface but impeding NPs from translocating
into the epidermis and blocking the transport pathway in the plant to the shoots (Zhao et
al., 2012). Also, mucilage, which is secreted from root tips and coating on the root surface,
may contribute to the adsorption of NPs on the root surface by changing the chemical
composition of the solution in rhizosphere to facilitate NPs entering the roots (Y. Ma et al.,
2010).
Moreover, the phytohormone is also considered an important regulator in adjusting
root growth behavior under environmental stress. Auxin is a necessary component for
initial cell divisions for lateral root initiation (De Smet et al., 2006). Strigolactones (SLs)
are positive regulators of primary root elongation and mediators of lateral root formation
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(Fitter, 2002). Plants can control auxin and SLs production in response to the effects of
nanoparticles.

4.5 Conclusion
Sorghum cultivar seedlings differed from each other in response to different CeO2
NP treatments. When CeO2 NP treatment levels increase, a threshold at 500 mg/kg CeO2
NPs and a decreasing trend were found in values of primary root length, primary root
surface area, number of lateral roots, surface area/volume ratios of lateral root, total root
length, and total root surface area in BTx 623 and primary root length, surface area/volume
ratios of lateral root, and total leaves weight in Grassl. The parameters, significantly greater
at 100 mg/kg CeO2 NPs than the control, were the ratio of wet root weight/total wet weight
in BTx 623; total wet root weight, total wet weight, and number of lateral roots in Grassl;
and top leaf length and water content in Rio. In addition, the results showed that Rio was
more CeO2 NP tolerant and BTx 623 and Grassl were more CeO2 NP sensitive at 500
mg/kg CeO2 NPs threshold. Moreover, the results also revealed a dose-response
phenomenon—low CeO2 NP treatment level (100 mg/kg CeO2 NPs) stimulations and
higher CeO2 NP treatment level (500 and 1000 mg/kg CeO2 NPs) inhibitions. The low dose
level might be used to train plants to improve their stress resistant ability and plant quality.
Root and shoot morphology and growth parameters were fully used to analyze the
phytotoxicity of CeO2 NPs in sorghum cultivars. Further investigation and research are
recommended in the study of mechanisms that are involved in roots, root rhizosphere

228

environment, essential nutrients and microbes, and that affect root morphology and
seedling growth.

4.6 Tables and Figures
Table 4.1. Parameter matrix for three sorghum cultivars at four CeO2 NP treatments
Sorghum cultivar
BTx 623
Grassl
Rio

Treatment (mg/kg)
0, 100, 500, 1000
0, 100, 500, 1000
0, 100, 500, 1000
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Table 4.2. Statistical effects of treatment and cultivar on primary and lateral root
parameters based on ANOVA
Parameters
Primary root length
Primary root thickness
Primary root volume
Primary root surface
area
Lateral root total length
Lateral root total surface
area
Lateral root total volume
Lateral root thickness
Number of lateral roots
Surface area volume
ratios of lateral root
Top leaf length
Top leaf width
Total number of leaves
Total wet root weight
Total dry root weight
Water content (%) in
wet basis
Total leaves weight

Source
F
p
F
p
F
p
F
p
F
p
F
p
F
p
F
p
F
p
F
p
F
p
F
p
F
p
F
p
F
p
F
p
F

Cultivar
15.67
< 0.0001
3.74
0.0263
6.32
0.0024
12.52
< 0.0001
4.82
0.0096
4.47
0.0133
3.2
0.0439
1.11
0.3311
22
< 0.0001
5.46
0.0053
22.34
< 0.0001
40.31
< 0.0001
40.74
< 0.0001
12.48
< 0.0001
20.69
< 0.0001
19.23
< 0.0001
9.61

Treatment
22.13
< 0.0001
8.24
< 0.0001
2.82
0.0414
4.17
0.0074
6.43
0.0004
4.16
0.0075
1.61
0.1909
3.35
0.0212
25.92
< 0.0001
26.12
< 0.0001
4.19
0.0073
0.67
0.5705
4.22
0.007
15.74
< 0.0001
4.42
0.0054
6.25
0.0005
4.77

Cultivar + Treatment
5.37
< 0.0001
2.49
0.0258
1.27
0.2741
1.79
0.1064
1.2
0.3082
1.59
0.1551
1.79
0.1058
3.31
0.0047
2.45
0.028
4.22
0.0007
2.66
0.0184
2.28
0.0399
0.73
0.6297
10.13
< 0.0001
2.52
0.0245
2.27
0.0406
6.39

p

0.0001

0.0035

< 0.0001
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Table 4.3. Correlation between variable and treatment
Parameter

Treatment(mg/kg)

0

100

500

1000

Primary root length (cm)
Primary root thickness (cm)

57.75 ± 2.83A

61.24 ± 8.64A

38.27 ± 18.70B

36.57 ± 15.85B

0.110 ± 0.003B

0.099 ± 0.005C

0.117 ± 0.013A

0.109 ± 0.001B

Primary root volume (cm3)

0.80 ± 0.12A

0.63 ± 0.06B

0.65 ± 0.08B

0.63 ± 0.21B

Primary root surface area (cm2)
Lateral root total length (cm)

21.90 ± 2.95A

18.94 ± 2.55AB

17.12 ± 3.00B

17.25 ± 6.14B

116.61 ± 24.51A

126.20 ± 8.12A

82.85 ± 15.59B

93.52 ± 25.47B

Lateral root total surface area (cm2)

13.72 ± 3.47AB

14.13 ± 1.06A

9.85 ± 1.71C

11.30 ± 3.35BC

Lateral root total volume (cm3)
Lateral root thickness (cm)
Number of lateral roots (tips)
Surface area/volume ratio of lateral root
Top leaf length (mm)
Top leaf width (mm)
Total number of leaves
Total wet root weight (mg)
Total dry root weight (mg)
Water content (%) in wet basis
Total leaves weight (g)
Total wet weight (mg)
Ratio of wet root weight/total wet weight
Total root length (cm)

0.159 ± 0.050A

0.159 ± 0.019A

0.124 ± 0.020A

0.149 ± 0.036A

0.0391 ± 0.0027AB

0.0400 ± 0.0021A

0.0409 ± 0.0012A

208.12 ± 42.90B

0.0381 ± 0.0008B
246.61 ± 15.95A

144.28 ± 66.30C

137.45 ± 49.89C

91.38 ± 6.90A

91.42 ± 2.36A

79.42 ± 6.29B

75.21 ± 7.08B

145.45 ± 51.96BC

180.20 ± 58.16A

131.43 ± 49.21C

163.74 ± 35.84AB

10.60 ± 2.34A

11.16 ± 2.72A

10.00 ± 3.47A

10.57 ± 4.46A

4.88 ± 0.53A

4.68 ± 0.32AB

4.74 ± 0.45A

4.47 ± 0.54B

43.36 ± 4.41B

53.62 ± 20.60A

37.15 ± 7.80C

34.57 ± 8.40C

16.53 ± 5.12A

14.04 ± 2.17B

13.13 ± 3.37B

12.56 ± 3.92B

62.29 ± 8.89B

71.20 ± 7.23A

62.51 ± 10.22B

61.46 ± 2.20B

1.16 ± 0.13A

1.13 ± 0.16A

0.94 ± 0.14B

1.08 ± 0.34A

44.52 ± 4.28B

54.75 ± 20.63A

38.09 ± 7.78C

35.65 ± 8.72C

0.04 ± 0.01BC

0.05 ± 0.02AB

0.05 ± 0.03A

0.03 ± 0.01C

174.36 ± 21.96A

187.44 ± 2.76A

121.12 ± 31.66B

130.09 ± 41.11B

Total root surface area (cm2)

35.63 ± 6.40A

33.07 ± 1.56AB

29.96 ± 4.39C

28.55 ± 9.46BC
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Table 4.4. Marginal means for the main effect of treatment on root and shoot parameters
BTx 623
Grassl
Rio
Parameter
0.65
strong
0.69
strong
0.11
very weak
Primary root length
0.00
no
0.23
weak
0.15
very weak
Primary root thickness
0.21
weak
0.28
weak
0.07
very weak
Primary root volume
0.30
weak
0.39
weak
0.06
very weak
Primary root surface area
0.33
weak
0.24
weak
0.18
very weak
Lateral root total length
0.32
weak
0.14
very weak
0.10
very weak
Lateral root total surface area
0.18
very weak
0.00
no
0.00
no
Lateral root total volume
0.03
very weak
0.35
weak
0.27
weak
Lateral root thickness (Tips)
0.70
strong
0.63
strong
0.30
weak
surface area/volume ratios of lateral root
0.27
weak
0.56
moderate
0.09
very weak
Total wet root weight
0.14
very weak
0.36
weak
0.20
weak
Total dry root weight
0.28
weak
0.34
weak
0.15
very weak
water content in wet basis
0.33
weak
0.33
weak
0.18
very weak
Top leaf length
0.08
very weak
0.35
weak
0.30
weak
Top leaf width
0.20
weak
0.44
moderate
0.50
moderate
total leaves weight
0.35
weak
0.24
weak
0.20
weak
total number of leaves
Note: 0 – 0.19: very weak; 0.20 – 0.39: weak; 0.40 – 0.59: moderate; 0.60 – 0.79: strong; 0.80 – 1.00: very weak. Means with a
different capital letter above them are significantly different (p<0.05).
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Figure 4.1a. Seedlings of sorghum BTx 623 (left), Rio (center), and Grassl (right) in trays
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Figure 4.1b. Representative seedlings of sorghum BTx 623, Rio, and Grassl at four
different CeO2 NP treatments (0, 100, 500, and 1000 mg/kg CeO2 NPs
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Figure 4.2a. Scanning images and analyzing results by RootGraph for BTx 623

235

Figure 4.2b. Scanning images and analyzing results by RootGraph for Rio
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Figure 4.2c. Scanning images and analyzing results by RootGraph for Grassl
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Figure 4.3. The effects of the CeO2 NPs on three different sorghum cultivars for primary
root length. Data are shown as the mean ± SD and are derived from 11 ~ 13 independent
trials. Means with a different small letter above them are significantly different (p < 0.05).
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Figure 4.4. The effects of the CeO2 NPs on three different sorghum cultivars for primary
root thickness. Data are shown as the mean ± SD and are derived from 11 ~ 13 independent
trials. Means with a different small letter above them are significantly different (p < 0.05).
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Figure 4.5. The effects of the CeO2 NPs on three different sorghum cultivars for primary
root volume. Data are shown as the mean ± SD and are derived from 11 ~ 13 independent
trials. Means with a different small letter above them are significantly different (p < 0.05).
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Figure 4.6. The effects of the CeO2 NPs on three different sorghum cultivars for primary
root surface area. Data are shown as the mean ± SD and are derived from 11 ~ 13
independent trials. Means with a different small letter above them are significantly different
(p < 0.05).
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Figure 4.7. The effects of the CeO2 NPs on three different sorghum cultivars for lateral root
total length. Data are shown as the mean ± SD and are derived from 11 ~ 13 independent
trials. Means with a different small letter above them are significantly different (p < 0.05).
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Figure 4.8. The effects of the CeO2 NPs on three different sorghum cultivars for lateral root
total surface area. Data are shown as the mean ± SD and are derived from 11 ~ 13
independent trials. Means with a different small letter above them are significantly different
(p < 0.05).
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Figure 4.9. The effects of the CeO2 NPs on three different sorghum cultivars for lateral root
total volume. Data are shown as the mean ± SD and are derived from 11 ~ 13 independent
trials. Means with a different small letter above them are significantly different (p < 0.05).
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Figure 4.10. The effects of the CeO2 NPs on three different sorghum cultivars for lateral
root thickness. Data are shown as the mean ± SD and are derived from 11 ~ 13 independent
trials. Means with a different small letter above them are significantly different (p < 0.05).
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Figure 4.11. The effects of the CeO2 NPs on three different sorghum cultivars for number
of lateral roots. Data are shown as the mean ± SD and are derived from 11 ~ 13 independent
trials. Means with a different small letter above them are significantly different (p < 0.05).
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Figure 4.12. The effects of the CeO2 NPs on three different sorghum cultivars for surface
area/volume ratios of lateral root. Data are shown as the mean ± SD and are derived from
11 ~ 13 independent trials. Means with a different small letter above them are significantly
different (p < 0.05).
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Figure 4.13. The effects of the CeO2 NPs on three different sorghum cultivars for top leaf
length. Data are shown as the mean ± SD and are derived from 11 ~ 13 independent trials.
Means with a different small letter above them are significantly different (p < 0.05).
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Figure 4.14. The effects of the CeO2 NPs on three different sorghum cultivars for top leaf
width. Data are shown as the mean ± SD and are derived from 11 ~ 13 independent trials.
Means with a different small letter above them are significantly different (p < 0.05).
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Figure 4.15. The effects of the CeO2 NPs on three different sorghum cultivars for total
number of leaves. Data are shown as the mean ± SD and are derived from 11 ~ 13
independent trials. Means with a different small letter above them are significantly different
(p < 0.05).
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Figure 4.16. The effects of the CeO2 NPs on three different sorghum cultivars for total wet
root weight. Data are shown as the mean ± SD and are derived from 11 ~ 13 independent
trials. Means with a different small letter above them are significantly different (p < 0.05).
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Figure 4.17. The effects of the CeO2 NPs on three different sorghum cultivars for total dry
root weight. Data are shown as the mean ± SD and are derived from 11 ~ 13 independent
trials. Means with a different small letter above them are significantly different (p < 0.05).
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Figure 4.18. The effects of the CeO2 NPs on three different sorghum cultivars for water
content in wet basis. Data are shown as the mean ± SD and are derived from 11 ~ 13
independent trials. Means with a different small letter above them are significantly different
(p < 0.05).
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Figure 4.19. The effects of the CeO2 NPs on three different sorghum cultivars for total
leaves weight. Data are shown as the mean ± SD and are derived from 11 ~ 13 independent
trials. Means with a different small letter above them are significantly different (p < 0.05).
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Figure 4.20. The effects of the CeO2 NPs on three different sorghum cultivars for total wet
weight. Data are shown as the mean ± SD and are derived from 11 ~ 13 independent trials.
Means with a different small letter above them are significantly different (p < 0.05).
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Figure 4.21. The effects of the CeO2 NPs on three different sorghum cultivars for ratio of
wet root weight/total wet weight. Data are shown as the mean ± SD and are derived from
11 ~ 13 independent trials. Means with a different small letter above them are significantly
different (p < 0.05).
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Figure 4.22. The effects of the CeO2 NPs on three different sorghum cultivars for total root
length. Data are shown as the mean ± SD and are derived from 11 ~ 13 independent trials.
Means with a different small letter above them are significantly different (p < 0.05).
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Figure 4.23. The effects of the CeO2 NPs on three different sorghum cultivars for total root
surface area. Data are shown as the mean ± SD and are derived from 11 ~ 13 independent
trials. Means with a different small letter above them are significantly different (p < 0.05).
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CHAPTER FIVE
PHYTOTOXICITY OF CERIUM OXIDE NANOPARTICLES TO SORGHUM
GRASSL FOR GROWTH PARAMETERS, COMPOSITION TRAITS, AND CE
ACCUMULATION
Abstract
With the development of nanotechnology and its emerging applications, the release of
nanoparticles during their production, use, and disposal into the soil environment by air
deposition, reclaimed water irrigation, and biosolid application is unavoidable. The
objective of this study is to investigate the phytotoxicity of cerium oxide nanoparticles
(CeO2 NPs) to sweet Sorghum Grassl. Specifically, different cut-and-regrowth stages and
CeO2 NP treatment levels (0, 100, 500, and 1000 mg/kg CeO2 NPs) were analyzed for the
sorghum plants. In this study, the CeO2 NPs were characterized using dynamic light
scattering (DLS) and electrophoretic light scattering (ELS); Ce accumulation was
quantified by inductively coupled plasma mass spectrometry (ICP-MS); composition traits
were analyzed using near-infrared spectroscopy (NIR); and growth parameters (biomass
and size) were measured by a ruler and a weighing scale. The results showed that growth
parameters were inhibited at 1000 mg/kg CeO2 NP treatment. For example, the dry biomass
of the longest cultivated (135 days) sorghum (in Noncut) was significantly reduced at 1000
mg/kg CeO2 NPs when compared to the control (0 mg/kg CeO2 NPs). The percentage
reduction of dry biomass in Noncut at 1000 mg/kg CeO2 NPs (269.43 ± 20.09 g) was 4.66%
less than the control (282.59 ± 5.62 g). In addition, Ce accumulation was promoted at 1000
mg/kg CeO2 NPs in Noncut. The percentage promotions were 53.61%, 50.00%, and 24.03%
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greater at 1000 mg/kg CeO2 NPs (2.3400 ± 0.3372 mg/kg) than at the control (1.5233 ±
0.3482 mg/kg), 100 mg/kg CeO2 NPs (1.5600 ± 0.6437 mg/kg), and 500 mg/kg CeO2 NPs
(1.8867 ± 0.5615 mg/kg), respectively. Moreover, CeO2 NPs, at some level, can improve
the forage quality of sweet sorghum Grassl in terms of digestibility, energy, and minerals.
For example, in NC_S, the percentage reduction of aNDF, a digestibility parameter, was
4.63% significantly less at 500 mg/kg CeO2 NPs (54.56 ± 1.28 %DM) than the control
(57.21 ± 2.45 %DM), which suggested a better forage quality. Furthermore, the growth
stage and cultivation period also showed positive impacts on the bioenergy quality of
sorghum in terms of starch and sugar. For example, the percentage promotions of xylan, a
sugar parameter, were 19.36%, 23.79%, and 36.25% significantly greater in Cut 1 (18.68
± 1.34 %) than in Cut 2 (15.65 ± 0.30 %), Cut 3 (15.09 ± 0.53 %), and NC_S (13.71 ±
0.33 %), a finding that suggests better bioenergy quality. Overall, the results suggest that
CeO2 NPs affect forage quality and bioenergy quality. However, in terms of forage quality,
when CeO2 NPs are used as an additive in fertilizer, Ce will enter and cause phytotoxicity
to the sorghum plants and will accumulate in food chains and pose risks to the environment
and human health. In the field of bioenergy, when CeO2 NPs treated sorghum is used as a
feedstock source, Ce in plants will remain in the waste or ash after combustion and Ce’s
toxic level will rise in landfill. Therefore, the quantification of Ce accumulation in sorghum
plants is critical for weighing the advantages over the disadvantages before using CeO2
NPs treated sorghum for food or for bioenergy.

275

5.1 Introduction
Nanotechnology is applied in various fields due to the special physicochemical
properties of nanomaterials. Nanomaterials are particles smaller than 100 nm in at least
one dimension (Kessler, 2011). Due to their unique properties, engineered nanoparticles,
which belong to nanomaterials, have been used to improve the functionality of commercial
and industrial products, such as self-cleaning window glass, lighter and stronger sports
equipment, stain-resistant clothing, and reinforced construction materials (Buzea et al.,
2007; Lee et al., 2010; Montes et al., 2017; Nielsen, 2008). Nanoparticles are also applied
in the agricultural field as nanopesticides and nanofertilizers (Fraceto et al., 2016; Gogos
et al., 2012).
Among all types of nanoparticles, CeO2 NPs, one of the lanthanide oxide
nanoparticles, are widely used in various applications, such as industrial, commercial, and
medical products (Collin et al., 2014). The CeO2 NPs can be utilized as diesel fuel additives
in automobile exhaust catalysts, as abrasives in metal-polishing agents, as oxygen ion
conductors in solid fuel cell materials, and as additives in UV blocking agents, glass, and
ceramics (Corma et al., 2004; Fu et al., 2001; Kosynkin et al., 2000; Livingston and
Helvajian, 2005; Nanotechnology and Sunscreens, 2007).
With the development of nanotechnology, its emerging applications and products
bring benefits to our daily lives. However, use of products containing nanoparticles also
leads to the intentional or unintentional release of nanoparticles. These emissions occur
due to the natural aging of parts of a product, washing off the application of consumer
goods (e.g. sunscreen), adding of agrochemicals (e.g. nanopesticides) to the soil, and
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inappropriate or accidental disposing of waste (Cassee et al., 2011; CIP, 2006; Guzmán et
al., 2006; Kah and Hofmann, 2014). The estimated CeO2 NPs emissions in landfill, soil,
air, and water are 82%, 14%, 1%, and 3% of their production, respectively (Keller et al.,
2013).
When the nanoparticles are exposed to soil or water, their toxicity effects on plants
and organisms and their accumulation in food chains pose potential risks to the
environmental and human health (Bystrzejewska-Piotrowska et al., 2009; Ruiz et al., 2017;
Wang et al., 2016; Yanga et al., 2017; Zhang et al., 2015). Recent studies on the toxicity
effects of nanoparticles have focused mainly on bacteria, plants, multicellular aquatic
organisms, and terrestrial organisms (Krug and Wick, 2011; Maurer-Jones et al., 2013).
The phytotoxicity of nanoparticles is the characterization of the toxicity effects of
nanoparticles on plants. The representative phytotoxicity indicators in recent studies are
decreased seed germination rate, reduced root length, decreased weight of biomass,
reduced chlorophyll content, increased reactive oxygen species (ROS) production, and
changed values of parameters in metabolomics, ionomics, and plant nutrition quality
(Barrios et al., 2015; Begum et al., 2011; Lin and Xing, 2007; Montes et al., 2017; Van
Nhan et al., 2015; Peralta-Videa et al., 2014; Zhao et al., 2016, 2014).
Research on the phytotoxicity of CeO2 NPs has focused mainly on plant growth,
such as nutrition quality, biomass weight, root/shoot morphology, and other parameters,
and on the uptake of cerium for different plant species treated by CeO2 NPs. In terms of
plant nutrition quality, which is one of the representative phytotoxicity indicators,
significant inhibition effects of CeO2 NPs were found for Zn, Mg, Fe, and P concentrations
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in cotton plants (Van Nhan et al., 2015), for molybdenum (Mo) (75% decrease at 500
mg/kg CeO2 NPs and 85% decrease at 1000 mg/kg CeO2 NP) in asparagus lettuce (PeraltaVidea et al., 2014), for Mo (57 – 76 % decrease at 400 - 800 mg/kg CeO2 NPs) in cucumber
(Zhao et al., 2014), and for starch contents (9.2% decrease for high and 7.9% decrease for
low amylose varieties) in rice grains (Rico et al., 2013). In terms of biomass weight, the
fresh weight of shoots in lettuce decreased by 21.4% and 53.6%, and the fresh weight of
roots was reduced by 53.6% and 81.4% at 1000 and 2000 mg/kg CeO2 NPs when compared
with the controls (Zhang et al., 2017). As another example, at 10 mg/L CeO2 NPs, no
significant differences were found for seed germination and fresh and dry weight in tomato
plants, while tomato fruit production increased by 10%, when compared with the control
(Q. Wang et al., 2012). In terms of root/shoot morphology, root length decreased by 65%
at 2000 mg/L CeO2 NPs for the lettuce cultivated in Petri dishes (Ma et al., 2010). In
addition, the number of spikes per plant was reduced by 56% and 22%, the leaf area
decreased by 50% and 21 %, and the number of tillers (i.e. secondary shoots) was reduced
by 50% and 25% at 500 and 1000 mg/L CeO2 NPs, respectively, when compared with the
controls (Marchiol et al., 2016). In terms of Ce accumulation, when the concentration of
CeO2 NPs increased from 125 to 500 mg/kg CeO2 NPs , the Ce in roots increased from 41
to 197 mg Ce/kg dry weight (Barrios et al., 2015). In terms of other parameters, at 1000
mg/kg CeO2 NP treatment, the soluble sugar was significantly reduced by approximately
23%, and the activity of superoxide dismutase (SOD) and peroxidase (POD), which were
related to the antioxidant defense system, were significantly down regulated about 37.5%
and 36%, when compared with the controls (Gui et al., 2015). At the seed ripening stage,
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when compared with the controls, the biomass of Brassica rapa was increased by about
28% and 35%, and relative chlorophyll content was increased by 12.5% and 16.4% at 10
and 100 mg/L CeO2 NPs, respectively (Ma et al., 2016). The leaves of Arabidopsis thaliana
(Columbia 0) were treated by CeO2 NPs with a 35% Ce3+/Ce4+ ratio, and the ROS
production was reduced by 52% when compared with the control (Wu et al., 2017). The
proteins in wheat grains were enhanced by 24.8% and 32.6% at 100 and 400 mg/kg CeO2
NPs, respectively, when compared with the controls (Du et al., 2015). In addition, a
sensitive investigation method—metabolomics—was used to quantify low molecular
weight parameters in spinach roots to prove that the defense system was simulated under
low dose (0.3 mg/plant) CeO2 NPs, but the nitrogen metabolism was perturbed at high dose
(3 mg/plant) CeO2 NPs (Zhang et al., 2019).
Moreover, other types of nanoparticles have also shown their phytotoxicity to
plants (Feizi et al., 2013; Lin and Xing, 2007; Naseeruddin et al., 2018; Yang and Watts,
2005). The applications of TiO2 NPs (40 mg/L) to fennel (Foeniculum vulgare Mill)
improved the seed germination time by 31.80% compared to the untreated fennel plants
(Feizi et al., 2013). The seed germination and root growth were inhibited for six different
plants treated with 2000 mg/L ZnO NPs when compared to the controls (Lin and Xing,
2007). The root elongation was inhibited by Al2O3 NPs for the five tested plant species
(corn, cucumber, soybean, cabbage and carrots) (Yang and Watts, 2005).
Sorghum (Sorghum bicolor L. Moench), whose family is Poaceae (Gramineae), is
utilized as fodder crops for milch and draft cattle (Sher et al., 2016), as a feedstock source
for biofuel production (Stefaniak et al., 2012), and as industrial usage for vegetable oil,
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waxes, and dyes (Ramph and Reynolds, 2005). Sorghum is one of the major harvested
crops in the world for human consumption. In 2017/2018, the production of sorghum in
the U.S. was about 9.24 million metric tons (Statista, 2018) while its global production was
59.45 million metric tons (USDA, 2018). Sorghum has ranked fifth among the world grain
crops (Paterson, 2008). It is a versatile crop that can be used in many ways. Certain kinds
can be used as edible plants for human food or livestock forage, some kinds can be
processed as sugary grains (National Reseach Council, 1996), and recently some types are
grown as an energy crop (Rooney, 2014).
Phytotoxicity of salinity stress and nitrogen application to sorghum have been
investigated in previous studies. Dry matter yield reduction was found in sweet sorghum
under the stress of salinity (Almodares et al., 2008). Total soluble sugar increased with
increasing salinity levels in sorghum (Ibrahim, 2004). In Sher’s research, three different
forage sorghum cultivars (Sorghum bicolor L. Moench) cultivated in soil under different
nitrogen levels at different growth stages were investigated in terms of seven parameters - plant height, number of leaves, leaf area, leaf to stem ratio, green fodder and dry biomass
yield, and dry matter content (Sher et al., 2016). A study focusing on phytotoxicity of Ag
NPs to sorghum in agar and soil media observed 20% reduction of root growth of Sorghum
bicolor at 2000 mg/kg Ag NPs (Lee et al., 2012). The effect of cerium nitrate on cowpeas
was studied, and the growth promotion of shoot growth, root growth, and relative yield at
certain low levels (0.713 ~ 17.841 M) of cerium citrate concentrations was found (Shyam
and Aery, 2012).
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Limited research has been focused on the phytotoxicity of nanoparticles (especially
CeO2 NPs) to sorghum plants (Dimkpa et al., 2017; Djanaguiraman et al., 2018; Lee et al.,
2012). For example, the total phosphate content of sorghum, which was cultivated in soil
treated with ZnO NPs and high NPK levels, was reduced by 11% when compared to the
control experiment group, which was cultivated in the soil with high NPK levels but in the
absence of ZnO NPs (Dimkpa et al., 2017). Also, the seedling growth of Sorghum bicolor
in agar decreased by 47% at 40 mg/L Ag NPs, and the seedling growth in roots of seedlings
in soil decreased by 20% at 2000 mg/kg Ag NPs when compared with their controls (Lee
et al., 2012).
Similar to sorghum, corn is also in the family of Poaceae and a warm-season and
worldwide top-ranking cereal crop with a C4 pathway (Assefa et al., 2014). Many analyses
have been conducted on the exposures of cerium, CeO2 NPs, and other nanoparticles to
corn in terms of plant growth parameters and metal uptake (Diatloff et al., 2008; LópezMoreno et al., 2017; Z. Wang et al., 2012; Yang et al., 2015; Zhang et al., 2015; Zhao et
al., 2012). For example, the dry weight of corn at 5.0 μM Ce decreased by 32% in shoots
and by 33% in roots, and concentrations of Ca, Mn, and Zn in corn at 5.0 μM Ce decreased
by 59%, 38%, and 40%, respectively, when compared with the controls (Diatloff et al.,
2008). Ce uptake in roots of corn plants that were cultivated in organic soil was enhanced
by 40%, 80%, 130%, and 260% at 100, 200, 400, and 800 mg/kg CeO2 NPs, respectively,
when compared with the controls (Zhao et al., 2012). The seed germination of corn at 400
mg/L ZnO NPs decreased by 40% and 53% at 20 ℃ and 25 ℃, respectively, and the root
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growth at 100 mg/L ZnO NPs increased by 22% and decreased by 42%, at 25 ℃ and 30 ℃,
respectively (López-Moreno et al., 2017).
Plants are the producers in the food chain and play a major role in the ecosystems.
The trophic transfer and transformation of nanoparticles in food chains in aquatic or
terrestrial systems lead to potential risks to the environment (Gardea-Torresdey et al., 2014;
Judy et al., 2011; Majumdar et al., 2016; Rastogi et al., 2017). For example, the
bioaccumulation of Au NPs was studied in the food chain of tobacco (primary producer)
and hornworms (primary consumer) (Judy et al., 2011). In this food chain, hornworms fed
with the tobacco had accumulated Au NPs with a biomagnification factor 6.2 – 11.6. Also,
in the food chain of the kidney bean (producer), Mexican bean beetles (primary consumer),
and Spined Soldier bugs (secondary consumer), the mean biomagnification factors were
5.32 and 4.33 from producers to primary consumers and were 5.32 and 6.7 from primary
consumers to secondary consumers, at 1000 and 2000 mg/kg CeO2 NPs, respectively
(Majumdar et al., 2016). The nonbiodegradable nanoparticles, such as CeO2 NPs, can
adsorb to, enter into, and accumulate in plants, and then be transferred to higher trophic
levels through food webs (Bour et al., 2015; Li and Chen, 2012; Miralles et al., 2012; EPA,
2007). In the food chain of zucchini, cricket, and spider, the bioaccumulation effect of Ce
was investigated (Hawthorne et al., 2014). The Ce was taken up by zucchini (0.486 g/g in
leaves) from the CeO2 NPs treated soil (1228 g/g) and then transferred to the cricket fed
with zucchini leaves (0.0336 g/g).
As the unavoidable release of products containing CeO2 NPs into the soil is of great
concern, the study of the phytotoxicity of CeO2 NPs on the quality of a major food crop,
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such as sorghum is urgently needed to help assess risks to the environment and human
health. The objective of this study is to investigate the phytotoxicity of CeO2 NPs to sweet
Sorghum Grassl. Specifically, plant growth, forage and bioenergy quality, and Ce
accumulation and distribution at different sorghum cut stages and for different CeO2 NP
treatments were investigated and analyzed.
The approaches of this study were (1) to measure the effect of CeO2 NPs on plant
growth parameters (size and biomass) manually with a ruler and a weighing scale; (2) to
determine the effect of CeO2 NPs on composition traits using near-infrared spectroscopy
(NIR); and (3) to assess the effect of CeO2 NPs on Ce accumulation using inductively
coupled plasma mass spectrometry (ICP – MS). The parameters of plant growth, quality,
and Ce uptake of Sorghum Grassl were analyzed and compared among four different
treatments (0, 100, 500, and 1000 mg/kg CeO2 NPs), among three cut-and-regrowth stages
(Cut 1, Cut 2, and Cut 3), between two cultivation periods (Cut 1 and NC_S), and between
two different organs (NC_S and NC_L) by using the statistical software JMP.

5.2 Materials and Methods
5.2.1 Preparation of CeO2 NP suspensions
CeO2 NPs were obtained from Sigma-Aldrich (Saint Louis, MO). The average
particle size of CeO2 NPs is less than 25 nm, and their density is 7.13 g/mL at 25 ℃. One
control treatment and three CeO2 NP treatments were used in this study, which were 0, 100,
500, and 1000 mg/kg CeO2 NPs (mg CeO2 NPs per kilogram soil) treatments, respectively.
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Prior to applying CeO2 NPs to soil, CeO2 NP suspensions were prepared by using
a S-4000 ultrasonic liquid processor (600 W and 20 KHz, Misonix, Newton, CT). A
specified amount of CeO2 NPs was suspended in a specified amount of deionized (DI)
water (18.2 MΩ•cm) (Millipore Corporation, Billerica, MA) to prepare different CeO2 NP
suspensions for different treatments. Then 263 mg CeO2 NPs was suspended in 250 mL DI
water for 100 mg/kg CeO2 NP treatment, 1315 mg CeO2 NPs in 500 mL DI water for 500
mg/kg CeO2 NP treatment, and 2630 mg CeO2 NPs in 1000 mL DI water for 1000 mg/kg
CeO2 NP treatment. The suspensions were sonicated for 4 minutes. Hydrodynamic
diameters and surface charge of CeO2 NPs in each treatment were measured by dynamic
light scattering (DLS) and electrophoretic light scattering (ELS) using a NanoBrook 90Plus
Zeta Particle Size Analyzer (Brookhaven Instruments Corporation, Holtsville, NY). Before
mixing the suspensions with soil, the prepared suspensions were sonicated again by a
CPX2800H ultrasonic bath sonicator (110 W and 40 KHz, Branson Ultrasonics
Corporation, Danbury, CT) for 15 minutes and diluted to 5 L suspensions.

5.2.2 Pot soil preparation
Fafard 3B Mix (Sun Gro Horticulture, Agawam, MA) (2.63 kg) potting soil was
mixed with the diluted CeO2 NPs suspension. The soil and CeO2 NPs mixture were placed
in a shading Classic 1200 plastic pot (11.356 L, top diameter 28 cm, height 24 cm, Nursery
Supplies, Chambersburg, PA). For the cut-and-regrowth group, 12 pots were prepared for
four treatments (0, 100, 500, and 1000 mg/kg CeO2 NPs). Each treatment had 3 pots
(replicates). The soil was equilibrated for 3 days before sorghum was sowed. The pots were
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irrigated with the DI water to maintain saturation for the duration of the experiment.
Following the same soil and CeO2 NPs mixture preparation method, another 12 pots were
prepared for the long cultivation group. The total number of pots in the cut-and-regrowth
group and the long cultivation group was 24. The soil in the pots was equilibrated for 3
days before sorghum was sowed. The pots were irrigated with the DI water to maintain
saturation for the duration of the experiment.

5.2.3 Sorghum cultivation and sampling
Sweet sorghum Grassl (Sorghum bicolor L. Moench) seeds were obtained from Dr.
Stephen Kresovich’s lab (Biosystems Research Complex, Clemson, SC) (Kresovich et al.,
1988). Ten seeds were sowed in each pot. The 24 pots were placed in a greenhouse (14 h
photoperiod, 25/20 ℃ day/night temperature, 70% relative humidity). The pairwise seeds
were sowed in each of the four corners and in the middle of every pot. After sowing, the
pots were watered every day until the sorghum seedlings came out. Healthy seedlings of
similar size were selected for observation, and the others were removed. Five sorghum
seedlings within four corners and the middle location remained in each pot.
For the cut-and-regrowth group, after 45 days, the first cut of the sorghum was
processed above the first knot of the sorghum stem. When the sorghum regrew, the second
and third cuts were made after 90 days and 135 days and followed the same procedure as
the first cut. The first, second, and third cut samples were labeled as Cut 1, Cut 2, and Cut
3.
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For the long cultivation group, the sorghum plants were harvested after 135 days of
growth. The samples obtained from the long cultivation group were named Noncut. In this
group, the leaves (NC_L) and stems (NC_S) were harvested separately.
Sweet sorghum Grassl plants cultivated in the greenhouse are shown in Figure 5.1.
There are 24 pots, one plant per pot. Of those, 18 pots contain treated soil and 6 pots
untreated soil. The parameter matrix of this study is shown in Table 5.1.

5.2.4 Sorghum biomass preparation
The wet weight of samples was measured by a MS3002S weighing scale (Mettler
Toledo, Greifensee, Switzerland) and then dried at 40 ℃ via a Model 303 Isotemp®
incubator (Fisher Scientific Company, USA). The dry weight of sorghum biomass samples
was recorded when a constant weight for each sample was obtained. The dry biomass
samples were ground to particles 2 mm in particle size by a Thomas Model 4 Wiley Mill
(Arthur H. Thomas Company, Philadelphia, PA) and stored in sealed plastic containers
with lids (height 4.375 inches, bottom diameter 3.25 inches, top diameter 4.625 inches,
capacity 24 ounce) at room temperature until further use.

5.2.5 Composition trait measurements
The composition traits of the ground sorghum dry biomass samples were measured
using a DA 7250 near-infrared spectroscopy (NIR) analyzer (Perten Instrument AB,
Hagersten, Sweden). For sample testing, approximately 9 g (or 3 g) sorghum dry biomass
was placed in a 43 mL (or 13 mL) sample cup. Each treatment had three sorghum plant
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samples. Each sorghum dry biomass sample was measured by NIR three times. The custom
sorghum biomass calibration curves were developed by Perten Applications team (Brenton
et al., 2016).

5.2.6 Ce concentration measurements
For plant stems or leaves, approximately 1.0 g of samples was burned in the furnace
at 500 ℃ for 2 hours. The ash obtained was digested by 5 mL nitric acid (5 wt%) at room
temperature for 7 days. Thereafter, the digesting suspension was filtered through 0.22 µm
syringe filter. The cerium concentration in the filtrate was analyzed by inductively coupled
plasma mass spectrometry (ICP-MS, Aglient 7700). The cerium content (µg-Ce/g-sample)
in plant samples was calculated using Eq. 5.1.

Cerium content =

[Ce]V
W

(5.1)

Where [Ce] is the mass concentration of cerium in the filtrate obtained from ICP-MS
(µg/L), V is the volume of nitric acid for digestion (mL), and W is the dry mass of plant
sample (mg).

5.2.7 Statistical analysis
The data from the Perten Applications team were filtered for statistical analysis
preparation. The values in each composition trait were removed when they were out of the
range of the calibration curves, or they were negative values.
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All statistical analyses were performed by JMP Pro 12. Analysis of variance
(ANOVA) was used to test each model term. If a model term was found to be statistically
significant, then Fisher’s protected least significantly different test was used to compare
means and determine the effect of the model term on the response. In all cases, p < 0.05
was considered significant. Results were shown as the mean ± SD with significant group
letters.

5.3 Results
5.3.1 Characterization of CeO2 NPs
The CeO2 NP suspensions for 100 mg/kg CeO2 NP treatment (1052 mg/L) had a
hydrodynamic diameter of 98.50 ± 2.89 nm and a positive zeta potential (ξ) of 42.65 ± 9.66
mV. The CeO2 NP suspensions for 500 and 1000 mg/kg CeO2 NP treatments (2630 mg/L)
had a hydrodynamic diameter of 93.80 ± 2.55 nm and a positive zeta potential (ξ) of 43.80
± 12.44 mV.

5.3.2 Growth parameters of sorghum
Figures 5.2 – 5.5 show the impact of CeO2 NPs on the growth parameters for four
different treatments and four cuts. Despite the CeO2 NP treatment effect, values of fresh
biomass, dry biomass, and water content were significantly greater in Noncut than in Cut
1, respectively (Figs. 5.2, 5.3, and 5.4). However, height was significantly less in Noncut
than in Cut 1 (Fig. 5.5).
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When the concentration of CeO2 NPs increased, a growing trend and a threshold at
1000 mg/kg CeO2 NPs were found for fresh biomass, water content, and height in Cut 1
(Figs. 5.2, 5.4, and 5.5). However, when the concentration of CeO2 NPs increased, a
decreasing trend and a threshold at 1000 mg/kg CeO2 NPs were found for dry biomass in
Noncut (Fig. 5.3). The percentage reduction of dry biomass in Noncut at 1000 mg/kg CeO2
NPs (269.43 ± 20.09 g) was 4.66% less than the control (282.59 ± 5.62 g). In addition, the
percentage promotions of height at 100 mg/kg CeO2 NPs were 36.03%, 32.48%, and 38.83%
greater in Cut 1 (129.00 ± 14.00 cm) than in Cut 2 (94.83 ± 2.93 cm), Cut 3 (96.52 ± 53.88
cm), and Noncut (92.92 ± 2.55 cm), respectively (Fig. 5.5).

5.3.3 CeO2 NP treatment effects on composition traits of sorghum
Table 5.3 shows the marginal means and standard deviations of the composition
traits among cuts for each treatment level that represents the main effect of CeO2 NP
treatment on the composition traits.
When the CeO2 NP treatment effects were compared among the overall treatment
means of Cuts 1, 2, and 3, four main findings were observed (Table 5.3). The first finding
was significantly different at 1000 mg/kg CeO2 NPs when compared to the control. When
the concentration of CeO2 NPs increased, an increasing trend and a significant threshold at
1000 mg/kg CeO2 NPs were found for Na and glucan. However, when the concentration
of CeO2 NPs increased, a decreasing trend and a significant threshold at 1000 mg/kg CeO2
NPs were found for moisture, ND-ICP_without Na2SO3, and SiO2. For example, the
percentage reductions of moisture were 8.82%, 6.83%, and 5.15% less at 1000 mg/kg CeO2
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NPs (6.82 ± 0.86 %) than at the control (7.48 ± 0.42 %), 100 mg/kg CeO2 NPs (7.32 ±
0.45 %), and 500 mg/kg CeO2 NPs (7.19 ± 0.49 %), respectively. In addition, when the
concentration of CeO2 NPs increased, the second finding had an increasing trend, when the
concentration of CeO2 NPs increased, and a threshold at 500 mg/kg CeO2 NPs for water
extracts. For example, the percentage promotions of water extracts were 12.82% and 4.20%
greater at 500 mg/kg CeO2 NPs (12.41 ± 3.13 %) and were 16.55% and 7.64% greater at
1000 mg/kg CeO2 NPs (12.82 ± 2.84 %) than at the control (11.00 ± 3.97 %) and 100
mg/kg CeO2 NPs (11.91 ± 2.94 %), respectively. Also, the third finding was significantly
different at 100 mg/kg CeO2 NPs when compared to the control. When the concentration
of CeO2 NPs increased, an increasing trend and a threshold at 100 mg/kg CeO2 NPs were
found for acetyl, BTU Dry, fixed carbon, K2O, NDF, and volatile matter. For example, the
percentage promotions of NDF were 15.80%, 15.31%, and 16.07% greater at 100 mg/kg
CeO2 NPs (52.10 ± 8.36 %DM), 500 mg/kg CeO2 NPs (51.88 ± 6.35 %DM), and 1000
mg/kg CeO2 NPs (52.22 ± 4.87 %DM) than the control (44.99 ± 9.00 %DM), respectively.
However, when the concentration of CeO2 NPs increased, a decreasing trend and a
threshold at 100 mg/kg CeO2 NPs were found for crude protein, EE(Fat), NEL3x_OARDC,
NEG_OARDC, NEM_OARDC, AD-ICP, galactan, hydrogen, nitrogen, NonStruc_Protein,
Struc Inorg, S, and TDN. For the last finding, though no trend was found when the
concentration of CeO2 NPs increased, significant differences were observed. The
parameters were significantly greater at 100 mg/kg CeO2 NPs than the control for
WSC(Sugar), NFC, and whole starch. However, the parameters, significantly less at 100
mg/kg CeO2 NPs than the control, were ADF and arabinan. In addition, when compared to
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the controls, whole starch was significantly greater at 1000 mg/kg CeO2 NPs, but arabinan
was significantly less at 1000 mg/kg CeO2 NPs. For example, the percentage promotion of
whole starch at 1000 mg/kg CeO2 NPs (71.55 ± 1.19 %) was 2.70% greater than the control
(69.67 ± 1.43 %).
When the CeO2 NP treatment effects were compared between the overall treatment
means of NC_S and NC_L, two main findings were observed. The first finding showed a
significant difference at 1000 mg/kg CeO2 NPs when compared to the control. When the
concentration of CeO2 NPs increased, an increasing trend and a significant threshold at
1000 mg/kg CeO2 NPs were found for cellulose, NonStruc_Protein, Struc_Protein, Struc
Inorg, sucrose_NREL, volatile matter, and xylan. However, when the concentration of
CeO2 NPs increased, a decreasing trend and a significant threshold at 1000 mg/kg CeO2
NPs were found for BTU Dry, IVTDMD 30, SiO2, TDN, and water extracts. For example,
the percentage reductions of TDN were 2.24%, 2.66%, and 2.62% less at 1000 mg/kg CeO2
NPs (62.54 ± 0.52 %) than at the control (63.97 ± 1.16 %), 100 mg/kg CeO2 NPs (64.25 ±
1.40 %), and 500 mg/kg CeO2 NPs (64.22 ± 0.96 %), respectively. The second finding
showed no trends when the concentration of CeO2 NPs increased, but significant
differences were observed. AD-ICP was significantly greater at 100 and 1000 mg/kg CeO2
NPs than the control. The parameters, significantly greater at 500 mg/kg CeO2 NPs than
the control, were WSC(Sugar), NEL3x_OARDC, NEG_OARDC, and NEM_OARDC.
However, the parameters, significantly less at 500 mg/kg CeO2 NPs than the control, were
ND-ICP_without Na2SO3, P, and lignin. For example, the percentage reduction of lignin at
500 mg/kg CeO2 NPs (3.87 ± 0.39 %) was 8.29% less than the control (4.22 ± 0.09 %).
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When the CeO2 NP treatment effects were compared between the overall treatment
means of Cut 1 and NC_S, two main findings were observed. The first finding was
significantly different at 1000 mg/kg CeO2 NPs when compared to the control. When the
concentration of CeO2 NPs increased, an increasing trend and a significant threshold were
found at 1000 mg/kg CeO2 NPs for ADF, aNDF, aNDFom, glucan, K2O, NDF,
NonStrucInorg, volatile matter, whole starch, and xylan. For example, the percentage
promotions of xylan were 6.99%, 9.09%, and 11.69% greater at 1000 mg/kg CeO2 NPs
(17.29 ± 4.73 %) than at the control (16.16 ± 3.26 %), 100 mg/kg CeO2 NPs (15.85 ±
2.86 %), and 500 mg/kg CeO2 NPs (15.48 ± 3.19 %), respectively. However, when the
concentration of CeO2 NPs increased, a decreasing trend and a significant threshold were
found at 1000 mg/kg CeO2 NPs for moisture, ND-ICP_without Na2SO3, ash, RFV,
IVTDMD 30, NDFD 30, nitrogen, NonStruc_Protein, S, SiO2, Struc Inorg, and TDN. The
second finding showed that, though no trend was found when the concentration of CeO2
NPs increased, significant differences were observed. The parameters, significantly greater
at 500 mg/kg CeO2 NPs than the control, were NEL3x_OARDC, NEG_OARDC, and
NEM_OARDC. However, Na was significantly less at 500 mg/kg CeO2 NPs than the
control. In addition, NEM_OARDC was significantly less at 1000 mg/kg CeO2 NPs than
the control. The percentage reduction of NEM_OARDC at 1000 mg/kg CeO2 NPs (56.54
± 1.63 Mal/cwt) was 4.65 % less than the control (59.30 ± 3.84 Mal/cwt).

5.3.4 Cut effects on composition traits of sorghum
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Table 5.3 also shows the marginal means and standard deviations of the
composition traits among four CeO2 NP treatments for each cut that represents the main
cut effect of the composition traits. ANOVA revealed obvious cut effects on most of the
parameters. However, no significant differences were found among Cuts 1, 2, and 3 for
moisture, ND_ICP_without Na2SO3 and cellulose; between NC_L and NC_S for RFV,
arabinan, IVTDMD 30, lignin, and NonStruc_Protein; and between Cut 1 and NC_S for
RFV, BTU Dry, IVTDMD 30, lignin, and S.

5.3.5 Interaction between CeO2 NP treatment and cut effects on composition traits
Table 5.3 shows the averages and standard deviations of the composition traits for
each CeO2 NP treatment and each cut for a combination of CeO2 NP treatment and cut
effect. Four main findings were observed for the interaction between CeO2 NP treatment
and cut effect on composition traits.
In the first finding, a significant difference in Cut 1 at 1000 mg/kg CeO2 NPs was
observed when compared to the control. The parameters in Cut 1, which showed an
increasing trend, when the concentration of CeO2 NPs increased, and a threshold at 1000
mg/kg CeO2 NPs, were ADF, aNDF, aNDFom, glucan, K2O, NDF, NonStrucInorg,
volatile matter, whole starch, and xyaln. The parameters in Cut 1, which showed a
decreasing trend, when the concentration of CeO2 NPs increased, and a threshold at 1000
mg/kg CeO2 NPs, were moisture, ND-ICP_without Na2SO3, ash, NFC, NEM_OARDC,
RVF, IVTDMD 30, NDFD 30, nitrogen, NonStruc_Protein, S, SiO2, Struct Inorg, TDN,
and total halogens. For example, the percentage reductions of NFC in Cut 1 were 23.82 %,
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22.11%, and 15.83% less at 1000 mg/kg CeO2 NPs (13.88 ± 3.03 %) than at the control
(18.22 ± 1.27 %), 100 mg/kg CeO2 NPs (17.82 ± 1.42 %), and 500 mg/kg CeO2 NPs (16.49
± 1.12 %), respectively. In addition, total halogens in Cut 3, acetyl in Cut 2, and Na in Cut
3 showed an increasing trend when the concentration of CeO2 NPs increased, and showed
a threshold at 1000 mg/kg CeO2 NPs. Total halogens in Cut 2 showed a decreasing trend
when the concentration of CeO2 NPs increased, and showed a threshold at 1000 mg/kg
CeO2 NPs. The percentage reductions of total halogens in Cut 2 were 17.89%, 9.00%, and
1.94% less at 1000 mg/kg CeO2 NPs (1.01 ± 0.07 %) than at the control (1.23 ± 0.15 %),
100 mg/kg CeO2 NPs (1.11 ± 0.08 %), and 500 mg/kg CeO2 NPs (1.03 ± 0.07 %),
respectively. Moreover, 16 parameters in NC_L showed a significant difference at 1000
mg/kg CeO2 NPs when compared to the control. The parameters in NC_L, which showed
an increasing trend when the concentration of CeO2 NPs increased, and a threshold at 1000
mg/kg CeO2 NPs, were AD-ICP, cellulose, galactan, glucan, nitrogen, NonStruc_Protein,
Struct Inorg, sucrose_NREL, volatile matter, and xylan. The parameters in NC_L, which
showed a decreasing trend when the concentration of CeO2 NPs increased, and a threshold
at 1000 mg/kg CeO2 NPs, were BTU Dry, hydrogen, IVTDMD 30, SiO2, TDN, and water
extracts. For example, the percentage reductions of TDN in NC_L were 4.04%, 4.69%, and
4.19% less at 1000 mg/kg CeO2 NPs (62.18 ± 2.92 %) than at the control (64.80 ± 0.32 %),
100 mg/kg CeO2 NPs (65.24 ± 0.34 %), and 500 mg/kg CeO2 NPs (64.90 ± 0.16 %),
respectively. A significant difference in S/L ratio was also found at 1000 mg/kg CeO2 NPs
when compared to the control. The parameters in S/L ratio, which showed an increasing
trend when the concentration of CeO2 NPs increased, and a threshold at 1000 mg/kg CeO2
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NPs, were BTU Dry and SiO2. However, the parameters in S/L ratio, which showed a
decreasing trend when the concentration of CeO2 NPs increased, and a threshold at 1000
mg/kg CeO2 NPs, were NonStruc_Protein and Struc Inorg. For example, the percentage
reductions of NonStruc_Protein in S/L ratio were 85.86%, 80.00%, and 89.79% less at
1000 mg/kg CeO2 NPs (0.34 ± 0.41%) than at the control (2.37 ± 0.12 %), 100 mg/kg CeO2
NPs (1.70 ± 0.64 %), and 500 mg/kg CeO2 NPs (3.33 ± 1.08 %), respectively.
In the second finding, significant differences in Cut 2 were found at 500 and 1000
mg/kg CeO2 NPs when compared to the control. The parameters in Cut 2, which showed
an increasing trend, when the concentration of CeO2 NPs increased, and a threshold at 500
mg/kg CeO2 NPs, were NFC, volatile matter, and whole starch. For example, the
percentage promotions of whole starch in Cut 2 were 42.89% and 6.96% greater at 500
mg/kg CeO2 NPs (12.76 ± 0.80 %) and were 51.40% and 13.33% greater at 1000 mg/kg
CeO2 NPs (13.52 ± 1.86 %) than at the control (8.93 ± 3.85 %) and 100 mg/kg CeO2 NPs
(11.93 ± 1.26 %), respectively. In addition, K2O in Cut 2 showed a decreasing trend, when
the concentration of CeO2 NPs increased, and a threshold at 500 mg/kg CeO2 NPs. The
percentage reductions of K2O in Cut 2 were 6.09% and 3.39% less at 500 mg/kg CeO2 NPs
(33.64 ± 0.66 %) and were 8.15% and 5.51% less at 1000 mg/kg CeO2 NPs (32.90 ± 0.63 %)
than at the control (35.82 ± 1.66 %) and 100 mg/kg CeO2 NPs (34.82 ± 1.01 %),
respectively.
In the third finding, significant differences in Cut 3 were found at 100, 500, and
1000 mg/kg CeO2 NPs when compared to the control. The parameters in Cut 3, which
showed an increasing trend, when the concentration of CeO2 NPs increased, and a threshold
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at 100 mg/kg CeO2 NPs, were BTU Dry, carbon, fixed carbon, galactan, hydrogen, K2O,
NDF, acetyl, sucrose_NREL, volatile matter, and water extracts. The parameters in Cut 3,
which showed a decreasing trend, when the concentration of CeO2 NPs increased, and a
threshold at 100 mg/kg CeO2 NPs, were crude protein, NEL3x_OARDC, NEG_OARDC,
NEM_OARDC, AD-ICP, galactan, nitrogen, Nonstruc_Protein, S, SiO2, Struc_Protein,
Struc Inorg, and TDN. For example, the percentage reductions of crude protein in Cut 3
were 69.71%, 56.11%, and 63.34% less at 100 mg/kg CeO2 NPs (3.52 ± 0.46 %DM), 500
mg/kg CeO2 NPs (5.10 ± 1.24 %DM), and 1000 mg/kg CeO2 NPs (4.26 ± 0.21 %DM) than
at the control (11.62 ± 0.00 %DM), respectively. In addition, significant differences in Cut
2 were found at 100, 500, and 1000 mg/kg CeO2 NPs when compared to the control. The
parameter in Cut 2, which showed a decreasing trend, when the concentration of CeO2 NPs
increased, and a threshold at 100 mg/kg CeO2 NPs, was EE(Fat). The percentage reductions
of EE(Fat) in Cut 2 were 9.43%, 8.49%, and 10.38% less at 100 mg/kg CeO2 NPs (0.96 ±
0.04 %), 500 mg/kg CeO2 NPs (0.97 ± 0.02 %), and 1000 mg/kg CeO2 NPs (0.95 ± 0.05 %)
than at the control (1.06 ± 0.08 %), respectively.
In the last finding, no trend was found when the concentration of CeO2 NPs
increased, but significant differences in Cuts 1, 2, and 3, NC_S, and S/L ratio were
observed. The parameters, significantly less at 100 and 1000 mg/kg CeO2 NPs than the
control, were ADF, Arabinan and EE(Fat) in Cut 3, and K in Cut 2. The parameter,
significantly greater at 100 and 1000 mg/kg CeO2 NPs than the control, was NFC. The
parameters, significantly less at 100 and 500 mg/kg CeO2 NPs than the control, were RFV
in Cut 3, Cl in Cut 2, and Na and Galactan in Cut 1. The parameters, significantly greater
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at 100 mg/kg CeO2 NPs than the control, were WSC(Sugar) and whole_starch in Cut 3,
NDFD 30 in Cut 2, and EE(Fat) in S/L ratio. The parameters, significantly greater at 500
mg/kg CeO2 NPs than the control, were BTU Dry and hydrogen in Cut 1; WSC(Sugar),
NFC, NEL3x_OARDC, NEG_OARDC, NEM_OARDC, and whole starch in NC_S; and
arabinan in S/L ratio. The parameters, significantly less at 500 mg/kg CeO2 NPs than the
control, were WSC(Sugar) in Cut 1; ND-ICP_without Na2SO3, aNDF, aNDFom, P, and
lignin in NC_S; and ND-ICP_without Na2SO3 in S/L ratio. For example, the percentage
reduction of aNDF in NC_S at 500 mg/kg CeO2 NPs (54.56 ± 1.28 %DM) was 4.63% less
than the control (57.21 ± 2.45 %DM).

5.3.6 Ce concentration in sorghum
Figures 5.6 – 5.9 show the impacts of CeO2 NP treatment and cut effect on Ce
concentration for the comparison among Cuts 1, 2, and 3; for the comparison between
NC_L and NC_S; for the S/L ratio; and for the comparison between Cut 1 and Noncut.
The cut effect clearly showed an impact on Ce concentration. An increasing trend
was found since Ce concentration increased with the increase of CeO2 NP treatment levels;
however, the trend was not significant, because of the large variabilities. No significant
differences were found in Cut 1, Cut 2, and S/L ratio (Figs. 5.6 and 5.8). However, an
increasing trend, when the concentration of CeO2 NPs increased, and a threshold were
found at 1000 mg/kg CeO2 NPs in NC_L (Fig. 5.7). The percentage promotions of Ce
concentration in NC_L were 46.99%, 52.50%, and 15.09% greater at 1000 mg/kg CeO2
NPs (0.0244 ± 0.0010 mg/kg) than at the control (0.0166 ± 0.0055 mg/kg), 100 mg/kg
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CeO2 NPs (0.0160 ± 0.0072 mg/kg), and 500 mg/kg CeO2 NPs (0.0212 ± 0.0043 mg/kg),
respectively. Ce concentration was significantly greater in NC_L than in NC_S (Fig. 5.7).
In addition, an increasing trend, when the concentration of CeO2 NPs increased, and a
threshold were found at 1000 mg/kg CeO2 NPs in Noncut, which represented the total Ce
concentrations in both NC_S and NC_L (Fig. 5.9). The percentage promotions of Ce
concentration in Noncut were 53.61%, 50.00%, and 24.03% greater at 1000 mg/kg CeO2
NPs (2.3400 ± 0.3372 mg/kg) than at the control (1.5233 ± 0.3482 mg/kg), 100 mg/kg
CeO2 NPs (1.5600 ± 0.6437 mg/kg), and 500 mg/kg CeO2 NPs (1.8867 ± 0.5615 mg/kg),
respectively. Ce concentration was significantly greater in Noncut than in Cut 1 (Fig. 5.9).
The percentage promotion of Ce concentration was 179.94% greater in Noncut (1.8275 ±
0.3787 mg/kg) than in Cut 1 (0.0101 ± 0.0040 mg/kg).

5.4 Discussion
Sorghum quality is affected by both the cut effect and CeO2 NP treatment level.
The results of the interaction between CeO2 NP treatment and cut effects on composition
traits showed that when the cut increased from Cut 1 to Cut 3 and the concentration of
CeO2 NP treatment increased from 0 to 1000 mg/kg CeO2 NPs, the threshold—with an
increasing or decreasing trend for most of the composition traits values—decreased from
1000 to 100 mg/kg CeO2 NP treatment. This finding suggests that a sorghum plant becomes
more sensitive to the CeO2 NP treatment level as the cut-and-regrowth stage increases.
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Moreover, this study also informs farmers of the best harvesting period for good
forage quality, and provides industry with evaluations of bioenergy quality when sweet
sorghum Grassl is cultivated in CeO2 NPs treated soil.

5.4.1 Impact of CeO2 NPs on Forage Quality of Sorghum Grassl
Forage quality is the ability of forage to meet the daily requirements of an animal’s
performance, such as milk production and daily gain (Ball et al., 2001; Mertens, 1992).
Plant forage quality can be evaluated by a plant’s composition traits (Table 5.2), which, in
turn, can be divided into several groups: digestibility, energy, minerals, and others.
Digestibility measures the amount of forage absorbed by the digestive tract of an
animal. ADF, aNDF, aNDFom, WSC(Sugar), lignin, NDF, NDFD 30, SiO2, TDN,
IVTDMD 30, and cellulose are the representative composition traits of digestibility. ADF
is used to measure cellulose and lignin. A high ADF reduces digestibility. The normal
range of ADF is 25 – 45 %DM (Ruddell et al., 2002). In our study, ADFs in all cuts and
treatments, except ADF in Cut 1 at 1000 mg/kg CeO2 NPs (46.42 ± 3.49 %DM), were
within normal range and showed good forage quality. aNDF measures true fiber, which
includes cellulose, hemicellulose, lignin, and ash, and represents both indigestible and
slowly digestible components in plant cell walls (Dairy One, 2014). aNDFom is aNDF,
which includes organic matter, and is formed by the inorganic materials from the fiber
residue (Dairy One, 2014). For both aNDF and aNDFom, Grassl had better forage quality
in NC_S at 500 mg/kg CeO2 NP treatment than in other cuts and treatments; however,
Grassl showed inferior forage quality in Cut 1 at 1000 mg/kg CeO2 NPs than in other cuts

299

and treatments. WSC, recommended for sugar analysis due to their relevance to ruminant
digestion, are carbohydrates extracted from a sample in water (Dairy One, 2014). Their
main components are simple sugars and fructans. In our study, for WSC(Sugar), Grassl
showed better forage quality in NC_S at 500 mg/kg CeO2 NPs but worse forage quality in
Cut 1 at 500 mg/kg CeO2 NPs. In plants, lignin is not only a physical barrier, but also a
natural inhibitor of biodegradation that protects the cell wall from insects, bacteria, and
fungi (Li and Khanal, 2016). However, lignin can bind up the cellulose fraction and lower
digestibility (Stokes and Prostko, 1998). Forage quality decreases as the plant ages and
matures because lignin increases (Mertens, 1992). Lignin is a component of NDF. When
lignin content increases, digestibility of cellulose decreases, and the energy provided to the
animal decreases (Hoffman et al., 2015; Partners, 2017). For lignin, Grassl had better
forage quality in NC_S at 500 mg/kg CeO2 NPs but worse forage quality in NC_L at all
CeO2 NP treatments. High SiO2 reduces digestibility by animals (Luyckx et al., 2017).
Grassl showed lower amounts of SiO2 and better forage quality in Cut 1 at 1000 mg/kg
CeO2 NPs than in other cuts. However, Grassl in Cut 3 at 0 mg/kg CeO2 NPs showed poor
forage quality for SiO2. TDN measures digestible materials in plants (Hoffman et al., 2015).
High TDN indicates high digestibility, a finding that reflects high forage quality. For TDN,
Grassl showed better forage quality in Cut 3 at 0 mg/kg CeO2 NPs but worse quality in Cut
1 at 1000 mg/kg CeO2 NPs than in other cuts and treatments. IVTDMD 30 is the “true” dry
matter available for digestion (ANKOM, 2016; Partners, 2017). Grassl had better forage
quality in Cut 3 at 1000 mg/kg CeO2 NPs but showed worse forage quality in Cut 1 at 1000
mg/kg CeO2 NPs than in other cuts for IVTDMD 30. A high NDF percentage reduces
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forage intake. A normal NDF range is 30 to 60 percent based on a DM (Ruddell et al.,
2002). Grassl in Cuts 1, 2, and 3 had better forage quality than in NC_S and NC_L in terms
of NDF. High value of NDFD 30 indicates high potential fiber digestibility and energy for
ranking forage quality (Hoffman et al., 2015). In terms of NDFD 30, Grassl showed better
forage quality in NC_L but worse forage quality in Cut 1 at 1000 mg/kg CeO2 NPs than in
other cuts and treatments. Cellulose, the sum of glucose molecules, is a major structural
carbohydrate that is present in plant cell walls. Cellulose = ADF - (ADL + Ash), where
ADF is acid detergent fiber and ADL is acid detergent lignin (Saha et al., 2013). As one of
the three plant fiber components, which are cellulose, hemicellulose and lignin, cellulose
is the main one digested by animals. Grassl showed higher cellulose values and better
forage quality in NC_S than in other cuts. In our study, six out of the eleven digestibility
parameters showed that Grassl in NC_S, especially at 500 mg/kg CeO2 NP treatment, had
better forage quality in terms of digestibility. This finding suggests that CeO2 NPs, at some
level, can improve the forage quality of sorghum even as the sorghum ages. However,
seven out of the eleven digestibility parameters showed worse forage quality in Cut 1 at
1000 mg/kg CeO2 NP treatment, indicating that a high level of CeO2 NPs impedes Grassl’s
forage quality at the earliest cultivation period.
In the second group of forage quality, energy is represented by the traits: EE(Fat),
NFC, NEL3x, NEG, NEM, and RFV. The high value of energy, provided from the forage,
can reduce the need for supplemental feeds (Ball et al., 2001). EE(Fat) contains fat and
other components that are soluble in ether and obtained after the ether extraction procedure
(Dairy One, 2014). Fat has 2.25 times the energy found in carbohydrates and proteins.
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EE(Fat) can be used to enhance energy levels even in the intake of limited rations. Grassl
had better forage quality in Cut 1 treatments than in other cuts treatments in terms of
EE(Fat). NFC consists of non-cell wall carbohydrates and is used as an energy source for
animals (Dairy One, 2014). Grassl had better forage quality in NC_S than in Cuts 1, 2, and
3 in terms of NFC. NEL3x is the amount of energy in a feed available to support milk
production (Hoffman et al., 2015). Grassl plants had better forage quality in NC_S than in
Cuts 1, 2, and 3 in terms of NEL3x. NEG is the amount of calories supplied to meet the
energy needs for gain (Ruddell et al., 2002). Grassl had better forage quality in Cut 1 than
in other cuts in terms of NEG. NEM is the amount of energy supplied by the feed for
maintenance (Hoffman et al., 2015). Grassl plants in Cut 3 at 0 mg/kg CeO2 NPs or in Cut
1 had better forage quality in terms of NEM. RFV is the relative feed value for comparing
forages based on energy (Stokes and Prostko, 1998). The high RFV value indicates better
forage quality (Ruddell et al., 2002). Grassl in Cut 3 at 0 mg/kg CeO2 NPs had better forage
quality in terms of RFV. In our study, in terms of energy, Grassl plants had better forage
quality in Cut 1 treatments than in NC_S treatments.
In addition to digestibility and energy, minerals are one of the parameters in
evaluating the forage quality of sorghum. The levels of minerals, which include macroand micro- nutritions, need to meet the nutritional requirements for good forage quality.
Ash measures the minerals in forage and includes Ca, P, K, and external minerals such as
silica and clay (Dairy One, 2014). High ash value indicates high amounts of minerals (e.g.
Ca, P, K). Ash showed better forage quality in Cut 2 but worse forage quality in NC_S.
The negative DCAD value helps prevent metabolic problems in close-up dry cows, while
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the positive DCAD helps increase milk production and components in lactating cows (Linn
and Raeth-Knight, 2007). DCAD in Cut 1 indicated better forage quality than in NC_S. Cl,
a component of gastric secretions that is essential for acid-base balance and osmotic
pressure regulation and water balance (Ruddell et al., 2002). Cl was higher in Cut 1 than
in the other cuts. Mg is essential as an enzyme activator, and is found in skeletal tissue and
bone and neuromuscular transmissions (Ruddell et al., 2002). Mg was higher in Cuts 1, 2,
and 3 than in NC_S. Na is essential for acid-based balance, muscle contraction, nerve
transmission, osmotic pressure regulation and water balance, glucose uptake, and amino
acid transport (Ruddell et al., 2002). Na was higher in NC_L and Cut 2 than in the other
cuts. P, a key component of energy metabolism and milk, is essential for bone and teeth
formation and body fluid buffer systems (Ruddell et al., 2002). P was higher in Cuts 1, 2,
and 3 than in NC_S. K is necessary for the function of all living cells, and plays a key role
in nerve transmission and muscle function (Ruddell et al., 2002). In terms of K, Grassl has
better forage quality in Cut 1 than in other cuts. In NC_L and Cut 2, the K concentrations
at 100, 500, and 1000 mg/kg CeO2 NPs were less than the control in our study.
Contrastingly, K concentration in rice grains at 500 mg/kg CeO2 NPs treated soil was
higher than the control (Rico et al., 2013). On the other hand, K concentration was not
affected by TiO2 NPs in the woody plant Ulmus elongate (Gao et al., 2013). S is essential
for vitamins biotin, thiamine, enzymes, and antioxidant molecules (Ruddell et al., 2002). S
was higher in Cut 3 at 0 mg/kg CeO2 NPs than in other cuts and treatments. In terms of
CeO2 NPs concentration treatment marginal means, S concentrations at 100, 500, and 1000
mg/kg CeO2 NPs were significantly lower than the control. Similarly, S concentrations in
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the CeO2 NPs treated rice plants were significantly reduced by 7.5% compared to the
control (Rico et al., 2013). Structural inorganic compounds are minerals in the cell wall,
and nonstructural inorganic compounds are minerals in the stalk solution. These two
substances were greater in NC_L and Cut 1 than other cuts. In summary, Grassl had better
forage quality in Cut 1 than in NC_S in terms of minerals in our study.
In addition, other parameters, such as protein and moisture, can also affect forage
quality. Crude protein represents the protein content of the feed (Ruddell et al., 2002). The
normal range is 6 – 20 %DM. Crude protein includes true protein and non-protein nitrogen.
In our study, the crude proteins in Cut 1 or in Cut 3 at 0 mg/kg CeO2 NPs were within
normal range of feed requirements. This finding indicated that Grassl had better forage
quality in Cut 1 or in Cut 3 at 0 mg/kg CeO2 NPs than in other cuts in terms of crude protein.
Nonstructural proteins (proteins not in the cell wall) compose most of the globular proteins
and membrane proteins; while structural proteins (proteins in the cell wall) provide internal
and external support to protect and maintain cell shape (Mathews and van Holde, 1991).
These two substances were greater and improved forage quality in Cut 1 more than in other
cuts. Protein content is an important physiological parameter in plant growth. CeO2 NPs
modified the protein levels in lettuce plants at the early seedling stage; the average protein
content in shoots increased by 29.04% (35.77 mg) when compared to the control (27.72
mg) (Gui et al., 2015). AD-ICP is the portion of undegradable protein, which is unavailable
to the animal (Dairy One, 2014). A low AD-ICP value indicates a better forage quality.
The Grassl in NC_S at 500 mg/kg CeO2 NPs has better forage quality in terms of AD-ICP.
ND-ICP represents the portion of undegradable protein that is available to the animal

304

(Dairy One, 2014). Grassl in NC_S at 500 mg/kg CeO2 NPs had better forage quality in
terms of ND-ICP. Water extracts are the materials in stalk solution other than minerals or
proteins. In this study, water extracts were greater in Cut 1 than in other cuts. To avoid
mold growth, the normal range of moisture should not exceed 15% (Van Saun, 2006). Thus,
in our study, the moisture in all cuts met the requirements.
From the analysis above, we concluded that CeO2 NPs can be used as an additive
in fertilizer to increase the forage quality of sorghum Grassl. However, if Ce enters and
causes phytotoxicity to the sorghum plants, Ce will accumulate in food chains and pose
risks to the environment and human health. Thus, another way to make good use of CeO2
NPs treated sorghum is to consider the sorghum as a bioenergy feedstock source .

5.4.2 Impact of CeO2 NPs on Bioenergy Quality of Sorghum Grassl
Bioenergy, one form of renewable energy, is produced from bio-based feedstocks
(Li and Khanal, 2016). Biomass and the other three primary resources (wind, hydro, and
solar photovoltaics) are the renewable sources used for generating electricity. Sorghum, a
crop that is rich in starch, can be utilized to produce liquid, gas, and solid forms of energy
such as biodiesel, methane, and fuel wood (Kresovich, 1981; Li and Khanal, 2016;
Lipinsky and Kresovich, 1980; Mathur et al., 2017). Below is an analysis of sorghum’s
composition traits such as starch, sugar, and other parameters (Table 5.2), which are needed
for bioenergy use as a feedstock source.
Starch can be converted to glucose via hydrolysis, and then be made into ethanol
during the biofuel production process (Li and Khanal, 2016). In our study, Grassl plants

305

had better bioenergy quality in NC_S than in Cut 1 in terms of starch. The largest amount
of starch was found in NC_S at 500 mg/kg CeO2 NPs. This finding indicates that CeO2
NPs stimulate the increase of starch content in sorghum Grassl. In contrast, CeO2 NPs
compromise the quality of rice grains in terms of starch (Rico et al., 2013). The starch in
rice grains was less at 500 mg/kg CeO2 NPs (651 ± 10 mg/g) than at the control (706 ± 13
mg/g).
Sugar is an essential substrate in bioenergy feedstock (Li and Khanal, 2016). Sugar
quantities can be used to measure the amount of energy in fuel, such as in ethanol
production. Sucrose, a disaccharide in plants, is used in ethanol production (Li and Khanal,
2016). Sweet Sorghum Grassl in NC_S had better bioenergy quality in terms of sucrose.
However, Grassl had better bioenergy quality in terms of galactan, glucan, xylan, and
arabinan in Cut 1 than in NC_S. Arabinan, the plant cell wall polysaccharide, is the source
of arabinose. Arabinose is pentose sugar and is used in the biotechnology industry (Wefers
et al., 2017). Grassl plants in Cut 3 at 0 mg/kg CeO2 NPs showed higher amounts of
arabinan, which indicated a higher supply of sugar for bioenergy production. However,
soluble sugar content in lettuce at 1000 mg/kg CeO2 NP treatment (3.56%) was
significantly reduced by 39.04% when compared to the control (5.84%) (Gui et al., 2015).
In our study, Grassl showed better bioenergy quality in Cut 1 than in NC_S, indicating that
sorghum contains more sugar and provides more energy in the shortest cultivation period
than in the longest cultivation period.
Other types of energy providers, carriers, and indicators in sorghum in our study
were carbon, hydrogen, and BTU Dry. Carbon is used to produce energy and promote plant
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growth (Grant, 2018). Grassl had better bioenergy quality in NC_S than in Cuts 2 and 3
for carbon. Hydrogen is an energy carrier (Potter and Newell, 1993). Grassl shows better
bioenergy quality in NC_S than in other cuts in terms of hydrogen. BTU Dry measures
heating value or energy content provided by the unit of dry biomass (Missouri Energy
Development Association, 2018). Grassl had better bioenergy quality in Cut 1 at 500 mg/kg
CeO2 NPs than in other treatments.
Parameters related to residue or byproducts during the process of combustion or
pretreatment, which are harmful to combustion equipment and the environment, were also
investigated in our research. Biomass can produce syngas through gasification in internal
combustion engines and in external combustion engines (Li and Khanal, 2016). The
products of gasification of biomass are producer gases (CO, H2, CH4, CO2, and H2O), solid
waste, and char. A high moisture content leads to a decrease of hydrogen gasification
efficiency, which is the ratio of H in gaseous form that is produced from the biomass during
gasification and the amount of H contained within the biomass in its original state (Rashidi
and Tavasoli, 2015). In this study, in terms of moisture, Grassl had better bioenergy quality
in NC_S than in other cuts. Similar to moisture, ash is an indicator of both forage and
bioenergy quality in a plant. When ash in biomass is high, the ash melting in the gasifier
may have an adverse effect on gasification and lead to equipment corrosion (Li and Khanal,
2016). In terms of ash, Grassl had better forage quality in NC_S than in Cut 1. Acetyl
groups in biological organisms enhance the recalcitrance of the biomass. They can be
removed or reduced to form acetic acid by hydrolysis during acid pretreatment. However,
fermentation inhibitors would be generated during acid pretreatment. In terms of bioenergy,
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a lower amount of acetyl groups indicates lower energy consumption and less inhibitor
production during the pretreatment process (Li and Khanal, 2016). Grassl in Cut 1 indicated
better bioenergy quality in terms of acetyl groups. In addition, fixed carbon, produced after
a 7-minute heating at 900 ℃, is a solid combustible residue of a sample and is free of
volatile matter (Celignis Biomass Analysis Laboratory, 2018). Grassl in NC_L showed
better bioenergy quality for fixed carbon. Nitrogen in the biomass forms NOX, NH3 and
HCN through combustion (Li and Khanal, 2016). NOX emissions in the atmosphere cause
air pollution. Lower quantities of nitrogen indicate better bioenergy quality. Grassl in
NC_S showed better bioenergy quality in terms of nitrogen. Volatile halogen compounds,
produced from the combustion, cause damage to the ozone layer (Department of
Environmental Protection, 2015). Hydrochloric acid, produced from the chlorine
compounds and water, causes damage to the furnace and poses risks to public health. Fewer
total halogens suggest better bioenergy quality. Grassl in NC_L showed better bioenergy
quality in terms of the total number of halogens. Volatile matter measures organic content
in a biomass sample, and is related to the amount of tar formation; tar formation is a serious
challenge in biomass gasification (Li and Khanal, 2016). Less volatile matter produced by
biomass is better for bioenergy use. Grassl showed better bioenergy quality in terms of
volatile matter in Cut 1 than in other cuts.
The composition traits of 152 biomass samples detected by NREL methods were
conducted by Stefaniak’s team (Stefaniak et al., 2012). Grassl samples treated with CeO2
NPs in our study were evaluated using a standard level based on the database of
composition traits in sweet sorghum from Stefaniak’s team. Xylan was above its standard
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level (15.4%) in Cut 1 but below it in NC_S; ash was above its standard level (5.7%) in
Cut 2 and NC_L but below it in Cut 1 and NC_S; sucrose in NC_S was above its standard
level (9.8%); lignin in all cuts was below its standard level (13.0%); glucan in Cuts 1 and
2 was above its standard level (29.9%); and starch in all cuts, except Cut 1 at 0, 100, and
500 mg/kg CeO2 NPs and Cut 3 at 0 mg/kg CeO2 NPs, was above its standard level (7.3%).
In summary, CeO2 NPs can be used as an additive in fertilizer to increase the
bioenergy quality of sorghum. However, Ce in plants will remain in the waste or ash after
combustion and Ce’s toxic level in landfill will rise. Therefore, the quantification of Ce
accumulation in sorghum plants is critical; with that information, the advantages and
disadvantages can be weighed before CeO2 NPs treated sorghum is used as a source of
bioenergy feedstock.

5.4.3 Phytotoxicity of CeO2 NPs
Phytotoxicity of CeO2 NPs is the toxic effect of CeO2 NPs on plant growth, such
as physiological changes and nutritional quality modification. The mechanisms may be
oxidative stress, heavy metal ion toxicity, and gene expression. In this study, the change of
conditions in root rhizosphere and Ce accumulation in plants can cause the phytotoxicity
of CeO2 NPs to sorghum.
CeO2 NPs are insoluble in water (EPA, 2009). However, they may liberate O and
increase the level of Ce3+ and Ce4+ due to root exudation within the rhizosphere in soil. The
radius of Ce3+ and Ce4+ were 0.115 and 0.101 nm, respectively (Shannon, 1976). In our
research, the diameter of CeO2 NPs was below 25 nm in powder but greater than 90 nm in
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suspensions. However, the diameter of wall pore of a living plant cell ranged from 3.5 to
5.2 nm (Carpita et al., 1979). Therefore, most of the Ce can enter a living plant cell through
ion, rather than nanoparticle, form. For example, the biotransformation of CeO2 NPs to
heavy metal Ce3+ plays a key role in the phytotoxicity of CeO2 NPs to asparagus lettuce,
accompanied by inhibition of the root and shoot elongations (Cui et al., 2014). However,
CeO2 NPs were found in the plant cells of the plants treated by CeO2 NPs (López-Moreno
et al., 2010; Ma et al., 2010; Zhang et al., 2011). The translocation of CeO2 NPs from roots
to shoots suggests that the CeO2 NPs—with hydrodynamic diameter greater than 1200 nm
in nutrient solution—are more likely to enter cucumber roots from the apical meristematic
tissue at the plant root tips—where the active cell division results in effective porosity—
rather than from the pores on cell walls (Zhang et al., 2011). Therefore, Ce in plants
accumulates in the form of CeO2 NPs and Ce3+/Ce4+, and leads to the phytotoxicity of CeO2
NPs to sorghum.
After CeO2 NPs or Ce ions enter the roots of sorghum, superoxide dismutase (SOD)
activity decreases, causing an excess production of reactive oxygen (ROS) (Cui et al., 2014;
Sharifi et al., 2012). The excess of ROS production results in the increase of lipid
peroxidation, which, in turn, increases cell membrane permeability and cell membrane
damage. This action leads to a change of osmotic pressure in plant cells and a loss of cell
water. Root growth inhibition and cell membrane damage were found in lettuce cultivated
in CeO2 NPs treated agar mediums at 500, 1000, and 2000 mg/L CeO2 NP treatments (Cui
et al., 2014). In our study, the Ce accumulation under all four CeO2 NP treatments was
significantly greater in Noncut than in Cut 1. This finding may occur because sorghum
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stays longer in the CeO2 NPs contaminated soil and has the chance to accumulate more Ce
in a longer cultivation period (Noncut) than in a short cultivation period (Cut 1). In Cut 1,
Ce accumulation was so small that no plant cells were damaged. However, when the Ce
amount reached a certain level in Noncut, a toxic effect causing cell damage, such as
increased permeability of cell membranes and water loss in plant cells, was found. The
results—the dry biomass in Noncut was significantly lower and the Ce accumulation was
significantly greater, at 1000 mg/kg CeO2 NPs than at other CeO2 NP treatment levels—in
our study confirm a toxic level/threshold (1000 mg/kg CeO2 NPs) of phytotoxicity of CeO2
NPs to sorghum. Therefore, the environmental or agricultural implications from our
research are (1) that the cut-and-regrowth strategy can be used to avoid the phytotoxicity
of CeO2 NPs to sorghum in CeO2 NPs contaminated areas, and (2) that high CeO2 NP
treatments impede the plant growth of mature sorghum plants.
In terms of Ce distribution, Ce concentrations in stems and leaves were compared
in our study. For the cut effect, Ce accumulation, especially at 1000 mg/kg CeO2 NPs, was
significantly higher in NC_L than in NC_S. Similarly, CeO2 NPs distribution was
investigated in cucumber plants (Zhang et al., 2011). The researchers found that the Ce
concentrations were greater in leaf stalks and veins than in the other leaf areas. This finding
may result because, after the CeO2 NPs and Ce ions enter the plant roots, they can be
transported in the same vascular system as water and nutrients are. Moreover, Ce cannot
be evaporated from the leaves into the air—like water—or be used and “digested” by plants;
thus Ce stays and accumulates in leaves—the final organ of the plant.
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5.5 Conclusion
This study helps provide a better understanding of the impact of CeO2 NPs and
cultivation methods on plant quality as well as their potential risks to food chains. The
growth parameters, composition traits, and Ce accumulation at different sorghum cut stages
and different CeO2 NP treatments were quantitatively determined to investigate the
phytotoxicity of CeO2 NPs to sweet sorghum Grassl. In addition, the composition traits
were thoroughly analyzed in terms of forage quality and bioenergy quality.
The results of the interaction between CeO2 NP treatment and cut effects on
composition traits showed that when the cut increased from Cut 1 to Cut 3 and the
concentration of CeO2 NP treatment increased from 0 to 1000 mg/kg CeO2 NPs, the
threshold—with an increasing or decreasing trend for most of the composition traits
values—decreased from 1000 to 100 mg/kg CeO2 NP treatment. This finding suggests that
sorghum plants become more sensitive to the CeO2 NP treatment level as the cut-andregrowth stage increases.
This study also clearly confirms that in term of digestibility, the high CeO2 NP
treatment (500 mg/kg CeO2 NPs) and the longest cultivation period (NC_S) can improve
the forage quality of sweet sorghum Grassl, but cut-and-regrowth strategy, with a shorter
cultivation period (Cut 1), and a high CeO2 NP treatment (1000 mg/kg CeO2 NPs) can
impede the forage quality of the sorghum.
In addition, in terms of sugars, Grassl showed better bioenergy quality in Cut 1 than
in NC_S, indicating that sorghum contains more sugar and provides more energy in the
shortest cultivation period (Cut 1) than in the longest cultivation period (NC_S). However,
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Grassl plants had better bioenergy quality in NC_S than in Cut 1 in terms of starch. The
largest amount of starch was found in NC_S at 500 mg/kg CeO2 NPs. This finding indicates
that CeO2 NPs stimulate the increase of starch content in sorghum Grassl.
Moreover, in the longest cultivation period (Noncut) and at the highest CeO2 NP
treatment level (1000 mg/kg CeO2 NPs), the phytotoxicity of CeO2 NPs to sweet sorghum
Grassl was found in an inhibition of growth parameter—dry biomass—and a promotion in
Ce accumulation. In Cuts 1, 2 and 3, Ce accumulations were so small that no inhibitions in
growth parameters were found. Therefore, the phenomena imply that (1) the cut-andregrowth strategy can be used to avoid phytotoxicity of CeO2 NPs to sorghum in CeO2 NPs
contaminated areas, and (2) high CeO2 NP treatments impede the plant growth of mature
sorghum plants.
In future, studies about the toxicity and accumulation of CeO2 NPs in sorghum to
higher trophic levels in food chains are needed for risk assessment. Furthermore, the
recycling and reuse of Ce after its combustion need to be investigated to build a “cradle to
cradle”—rather than “cradle to grave”—bioenergy application of CeO2 NPs treated
sorghum.

313

5.6 Tables and Figures
Table 5.1. Parameter matrix for sorghum at four cultivated stages and at four CeO2 NP
treatments
Cut type
Cut 1
Cut 2
Cut 3
NC_S
NC_L

Treatment (mg/kg)
0, 100, 500, 1000
0, 100, 500, 1000
0, 100, 500, 1000
0, 100, 500, 1000
0, 100, 500, 1000
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Table 5.2. Two-category summary for composition traits of sweet sorghum Grassl
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316

317

318

319

320

321

Table 5.3. Composition traits in different cuts and at different CeO2 NP treatments

322

323

324

325

326

327

328

329

330

331

332

333

Note: (1) Capital letters for marginal means (overall treatment means and cut means) indicate significant difference among means
based on ANOVA followed by Fisher’s protected least significant different test. M mean_1: Marginal means for Cuts 1, 2, and
3; M mean_2: Marginal means for NC_S and NC_L; M mean_3: Marginal means for Cut 1 and NC_S. M mean_t1: Marginal
means of Cuts 1, 2, and 3 for four CeO2 NP treatments; M mean_t2: Marginal means of NC_S and NC_L for four CeO2 NP
treatments; M mean_t3: Marginal means of Cut 1 and NC_S for four CeO2 NP treatments.
(2) Small letters for cut/treatment combination means indicate significant difference among treatment means within each cut
stage based on ANOVA followed by Fisher’s protected least significant different test. The comparisons for four CeO2 NP
treatments are among Cuts 1, 2, and 3, between NC_S and NC_L, and in S/L ratio.
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Figure 5.1. Sweet sorghum Grassl plants cultivated in the greenhouse
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Figure 5.2. The effects of CeO2 NPs on fresh biomass in Cuts 1, 2, and 3, and Noncut. Data
are shown as the mean ± SD and is derived from three independent trials. Means with a
different small letter above them are significantly different (p < 0.05). Cut 1, 2, and 3
represent cut-and-regrowth sorghum samples obtained after every 45-day growth period.
Noncut represents long-cultivation sorghum samples obtained after 135-day growth period.
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Figure 5.3. The effects of CeO2 NPs on dry biomass in Cuts 1, 2, and 3, and Noncut. Data
are shown as the mean ± SD and is derived from three independent trials. Means with a
different small letter above them are significantly different (p < 0.05). Cut 1, 2, and 3
represent cut-and-regrowth sorghum samples obtained after every 45-day growth period.
Noncut represents long-cultivation sorghum samples obtained after 135-day growth period.
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Figure 5.4. The effects of CeO2 NPs on water content in Cuts 1, 2, and 3, and Noncut. Data
are shown as the mean ± SD and is derived from three independent trials. Means with a
different small letter above them are significantly different (p < 0.05). Cut 1, 2, and 3
represent cut-and-regrowth sorghum samples obtained after every 45-day growth period.
Noncut represents long-cultivation sorghum samples obtained after 135-day growth period.
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Figure 5.5. The effects of CeO2 NPs on height in Cuts 1, 2, and 3, and Noncut. Data are
shown as the mean ± SD and is derived from three independent trials. Means with a
different small letter above them are significantly different (p < 0.05). Cut 1, 2, and 3
represent cut-and-regrowth sorghum samples obtained after every 45-day growth period.
Noncut represents long-cultivation sorghum samples obtained after 135-day growth period.
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Figure 5.6. The effects of CeO2 NPs on Ce accumulation in Cuts 1, 2, and 3. Data are
shown as the mean ± SD and is derived from three independent trials. Means with a
different small letter above them are significantly different (p < 0.05). Cut 1, Cut 2, and
Cut 3 represent cut-and-regrowth sorghum samples obtained after every 45-day growth
period.

340

NC_S

0.0300

NC_L
a

ab

0.0250

b

b

Ce (mg/kg)

0.0200
0.0150
0.0100
0.0050
c

c

c

c

0.0000
0

100
500
Treatment (mg/kg)

1000

Figure 5.7. The effects of CeO2 NPs on Ce accumulation in NC_S and NC_L. Data are
shown as the mean ± SD and is derived from three independent trials. Means with a
different small letter above them are significantly different (p < 0.05). NC_S and NC_L
represent the stems and leaves of the long-cultivation sorghum samples.
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Figure 5.8. The effects of CeO2 NPs on Ce accumulation for ratio of NC_S to NC_L. Data
are shown as the mean ± SD and is derived from three independent trials. Means with a
different small letter above them are significantly different (p < 0.05).
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Figure 5.9. The effects of CeO2 NPs on Ce accumulation in Cut 1 and Noncut. Data are
shown as the mean ± SD and is derived from three independent trials. Means with a
different small letter above them are significantly different (p < 0.05). Cut 1 represents
sorghum samples obtained after 45-day growth period. Noncut represents sorghum
samples obtained after 135-day growth period.
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Figure 5.10. The representative parameters of forage quality in Cuts 1, 2, and 3. These
parameters are (a) ADF, (b) K2O, (c) TDN, (d) NFC, (e) NDF, and (f) EE(Fat). The figures
showing different types of increasing or decreasing trends and thresholds at different CeO2
NP treatment levels.
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Figure 5.11. The representative parameters of forage quality in NC_S and NC_L. These
parameters are (a) AD-ICP, (b) Lignin, (c) ND-ICP_without Na2SO3, (d) Ash, (e) aNDF,
and (f) EE(Fat). The figures showing different types of increasing or decreasing trends and
thresholds at different CeO2 NP treatment levels.
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Figure 5.12. The representative parameters of bioenergy quality in Cuts 1, 2, and 3. These
parameters are (a) Whole_Starch, (b) Galactan, (c) Total halogens, (d) xylan, (e) Acetyl,
and (f) Volatile Matter. The figures showing different types of increasing or decreasing
trends and thresholds at different CeO2 NP treatment levels.
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Figure 5.13. The representative parameters of bioenergy quality in NC_S and NC_L. These
parameters are (a) Hydrogen, (b) Volatile Matter, (c) BTU Dry, (d) xylan, (e) Arabinan,
and (f) Whole_Starch. The figures showing different types of increasing or decreasing
trends and thresholds at different CeO2 NP treatment levels.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions
In order to characterize the environmental behavior and toxic effects of CeO2 NPs,
the analysis of the stability and phytotoxicity of CeO2 NPs in water-soil-plant systems is
of great benefit. In this dissertation, four studies have been systemically undertaken to
provide a better understanding of CeO2 NPs’ physicochemical properties in the natural
water and soil-related environment as well as CeO2 NPs’ impact on the biological and
morphological characteristics of sorghum plants.
The specific conclusions drawn from this research are:
(1) CeO2 NPs are more unstable and more prone to homoaggregation and
heteroaggregation in an alkaline water environment, especially at pHPZC, than an acidic
environment. This finding implies that CeO2 NPs pose less threat for aquatic animals and
human beings in the aqueous phase of the alkaline water environment, but more risks to
sediment-dwelling animals.
(2) SRFA shows more efficiency than SRHA in stabilizing CeO2 NPs in the
alkaline water environment. Based on this information, CeO2 NPs are likely to suspend and
transport over a long distance in an alkaline water and soil environment that are rich in
SRFA. On the other hand, CeO2 NPs in the alkaline water environment can be removed
from the aqueous phase with additives of SRHA due to the heteroaggregation caused by
electrostatic attraction and bridging effects.
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(3) CaCl2 shows stronger impacts than NaCl in enhancing the homoaggregation of
CeO2 NPs. In addition, in the acidic water environment, SRHA is more reactive than SRFA
in inhibiting the heteroaggregation of CeO2 NPs in the presence of NaCl, but also in
enhancing the heteroaggregation of CeO2 NPs in the presence of CaCl2 (> 10 mM).
Therefore, to eliminate CeO2 NP contaminants in natural acidic water environments rich
in SRHA, more Ca2+ supplement additives are required to enhance heteroaggregation and
settle the suspended CeO2 NPs in the aquatic sediment environment.
(4) Rio is more CeO2 NP tolerant, and BTx 623 and Grassl are more CeO2 NP
sensitive at a 500 mg/kg CeO2 NPs threshold. This finding was drawn from quantitative
analyzing results of the root system architecture of the three sorghum cultivars (BTx 623,
Grassl, and Rio). Thus, in a high concentration of CeO2 NP contaminated area, the sorghum
cultivar Rio, a high-biomass sweet sorghum used for the production of foliage, syrup, and
ethanol, is more adaptable than the other two cultivars.
(5) A dose-response phenomenon—low CeO2 NP treatment level (100 mg/kg CeO2
NPs) stimulations and higher CeO2 NP treatment level (500 and 1000 mg/kg CeO2 NPs)
inhibitions—is revealed. Based on this finding, the low dose level might be used to train
plants to improve their stress resistant ability and plant quality.
(6) Sorghum plants become more sensitive to the CeO2 NP treatment level as the
cut-and-regrowth stage increases. However, the cut-and-regrowth strategy reduces the
possibility of the phytotoxicity of CeO2 NPs to sorghum in CeO2 NPs contaminated areas.
Therefore, the cut-and-regrowth strategy is applicable to sorghum cultivated in low CeO2
NPs contaminated areas.

364

6.2 Recommendations
(1) More environmental testing of CeO2 NPs aggregation behavior and stability and
other possible interactions under different solution chemistry is required to develop a data
collection bank for CeO2 NPs to make accurate and precise analysis, interpretation, and
prediction for environmental risk assessment and environmental protection.
(2) Further CeO2 NP sediment sustainable disposal studies are needed to improve
the recycling and reuse of rare earth elements.
(3) Additional investigation and research are recommended in the study of
mechanisms that are involved in roots, root rhizosphere environment, essential nutrients
and microbes, and that affect root morphology and seedling growth.
(4) In the future, studies about the toxicity and accumulation of CeO2 NPs in
sorghum to higher trophic levels in food chains are needed for risk assessment.
(5) The recycling and reuse of Ce after its combustion are subjects that need to be
investigated to build a “cradle to cradle”—rather than “cradle to grave”—bioenergy
application of CeO2 NPs treated sorghum.
(6) In this research, two-dimensional root system architecture was used to assess
camera images of the sorghum seedlings. To better visualize and analyze roots,
investigations of 3D root system architecture would be valuable.
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Appendix A
Supplementary Material for Chapter 2

Table A-1: The peak centered on a specific wavelength of a CeO2 NPs suspension at
different pHs. The pH ranges from 1 to 14.
pH
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Wavelength (nm)
303.00
298.00
297.00
298.00
298.00
298.00
308.00
308.00
306.00
313.00
296.00
297.00
309.00
305.00
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Table A-2: The peak centered on a specific wavelength of a CeO2 NPs suspension under varying concentrations of NaCl/CaCl2
in the absence/presence of HA/FA at three different pHs (8.2, 10.2, and 12.2).
HA
pH

Electrolyte (mM)

NaCl (nm)

CaCl2 (nm)

8.2

0.00
0.05
0.10
0.50
1.00
0.00
0.05
0.10
0.50
1.00
0.00
0.05
0.10
0.50
1.00

309.00
302.00
303.00
304.00
309.00
310.00
311.00
313.00
317.00
318.00
300.00
296.00
298.00
298.00
301.00

309.00
307.00
314.00
310.00
314.00
310.00
312.00
303.00
304.00
310.00
300.00
299.00
307.00
316.00
300.00

10.2

12.2
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FA

NaCl
(nm)
314.00

CaCl2
(nm)
314.00

NaCl
(nm)
298.00

CaCl2
(nm)
298.00

313.00

311.00

301.00

299.00

308.00
301.00

309.00
301.00

297.00
298.00

299.00
298.00

310.00

313.00

302.00

298.00

300.00
298.00

306.00
298.00

299.00
295.00

300.00
295.00

298.00

298.00

303.00

298.00

298.00

300.00

298.00

298.00

Figure A-1: UV-vis sedimentation kinetics measurements at a specific wavelength of CeO2
NPs as a function of time and pH over 1 hour.

The specific wavelengths were 303, 298, 297, 298, 298, 298, 308, 308, 306, 313,
296, 297, 309, and 305 nm for pH 1-14, respectively.

369

Figure A-2: UV-vis sedimentation kinetics measurements at a specific wavelength of CeO2
NPs as a function of time and NaCl or CaCl2 concentration over 1 hour at pH 8.2, pH 10.2,
and pH 12.2, respectively.

370

The specific wavelengths were 309, 302, 303, 304, and 309 nm for 0, 0.05, 0.10,
0.50, and 1.00 mM NaCl at pH 8.2, respectively; 310, 311, 313, 317, and 318 nm for 0,
0.05, 0.10, 0.50, and 1.00 mM NaCl at pH 10.2, respectively; 300, 296, 298, 298, and 301
nm for 0, 0.05, 0.10, 0.50, and 1.00 mM NaCl at pH 12.2, respectively. The specific
wavelengths were 309, 307, 314, 310, and 314 nm for 0, 0.05, 0.10, 0.50, and 1.00 mM
CaCl2 at pH 8.2, respectively; 310, 312, 303, 304, and 310 nm for 0, 0.05, 0.10, 0.50, and
1.00 mM CaCl2 at pH 10.2, respectively; 300, 299, 307, 316, and 300 nm for 0, 0.05, 0.10,
0.50, and 1.00 mM CaCl2 at pH 12.2, respectively.
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Figure A-3: UV-vis sedimentation kinetics measurements at a specific wavelength of CeO2
NPs as a function of time and NaCl or CaCl2 concentration over 1 hour in the presence of
HA or FA at pH 8.2, pH 10.2, and pH 12.2, respectively.
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In the presence of HA, the specific wavelengths were 314, 313, 308, 311, and 309
nm for 0, 0.1, and 1 mM NaCl, 0.1 and 1.00 mM CaCl2 at pH 8.2, respectively; 301, 310,
300, 313, and 306 nm for 0, 0.1, and 1 mM NaCl, 0.1 and 1 mM CaCl2 at pH 10.2,
respectively; 298, 298, 298, 298, and 300 nm for 0, 0.1, and 1 mM NaCl, 0.1 and 1.00 mM
CaCl2 at pH 12.2, respectively. In the presence of FA, the specific wavelengths were 298,
301, 297, 299, and 299 nm for 0, 0.1, and 1 mM NaCl, 0.1 and 1.00 mM CaCl2 at pH 8.2,
respectively; 298, 302, 299, 298, and 300 nm for 0, 0.1, and 1 mM NaCl, 0.1 and 1 mM
CaCl2 at pH 10.2, respectively; 295, 303, 298, 298, and 298 nm for 0, 0.1, and 1 mM NaCl,
0.1 and 1.00 mM CaCl2 at pH 12.2, respectively.

Figure A-4: Particle size distribution of CeO2 NPs at pH ranging from 1 - 14. The time of
the nanoparticle size measured by DLS is respectively (a) during the first 100 seconds and
(b) at ~ 1 hr. The legend shows the percentages of particle size distributed at each pH.
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Figure A-5: Particle size distribution of CeO2 NPs in the presence of NaCl. The time of the nanoparticle size measured by DLS
is respectively (a) during the first 100 seconds and at pH 8.2, (b) at ~ 1 hr and at pH 8.2, (c) during the first 100 seconds and at
pH 10.2, (d) at ~ 1 hr and at pH 10.2, (e) during the first 100 seconds and at pH 12.2, and (f) at ~ 1 hr and at pH 12.2. The legend
shows the percentages of particle size distributed at each NaCl concentration.
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Figure A-6: Particle size distribution of CeO2 NPs in the presence of CaCl2. The time of the nanoparticle size measured by DLS
is respectively (a) during the first 100 seconds and at pH 8.2, (b) at ~ 1 hr and at pH 8.2, (c) during the first 100 seconds and at
pH 10.2, (d) at ~ 1 hr and at pH 10.2, (e) during the first 100 seconds and at pH 12.2, and (f) at ~ 1 hr and at pH 12.2. The legend
shows the percentages of particle size distributed at each CaCl2 concentration.
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Figure A-7: Particle size distribution of CeO2 NPs in the presence of HA.
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The time of the nanoparticle size measured by DLS is respectively (a) during the first 100 seconds in the presence of
NaCl at pH 8.2, (b) at ~ 1 hr in the presence of NaCl at pH 8.2, (c) during the first 100 seconds in the presence of NaCl at pH
10.2, (d) at ~ 1 hr in the presence of NaCl at pH 10.2, (e) during the first 100 seconds in the presence of NaCl at pH 12.2, (f) at
~ 1 hr in the presence of NaCl at pH 12.2, (g) during the first 100 seconds in the presence of CaCl2 at pH 8.2, (h) at ~ 1 hr in the
presence of CaCl2 at pH 8.2, (i) during the first 100 seconds in the presence of CaCl2 at pH 10.2, (j) at ~ 1 hr in the presence of
CaCl2 at pH 10.2, (k) during the first 100 seconds in the presence of CaCl2 at pH 12.2, and (l) at ~ 1 hr in the presence of CaCl2
at pH 12.2,. The legend shows the percentages of particle size distributed at each NaCl/CaCl2 concentration.
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Figure A-8: Particle size distribution of CeO2 NPs in the presence of FA.
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The time of the nanoparticle size measured by DLS is respectively (a) during the first 100 seconds in the presence of
NaCl at pH 8.2, (b) at ~ 1 hr in the presence of NaCl at pH 8.2, (c) during the first 100 seconds in the presence of NaCl at pH
10.2, (d) at ~ 1 hr in the presence of NaCl at pH 10.2, (e) during the first 100 seconds in the presence of NaCl at pH 12.2, (f) at
~ 1 hr in the presence of NaCl at pH 12.2, (g) during the first 100 seconds in the presence of CaCl2 at pH 8.2, (h) at ~ 1 hr in the
presence of CaCl2 at pH 8.2, (i) during the first 100 seconds in the presence of CaCl2 at pH 10.2, (j) at ~ 1 hr in the presence of
CaCl2 at pH 10.2, (k) during the first 100 seconds in the presence of CaCl2 at pH 12.2, and (l) at ~ 1 hr in the presence of CaCl2
at pH 12.2. The legend shows the percentages of particle size distributed at each NaCl/CaCl2 concentration.
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Appendix B
Supplementary Material for Chapter 3

Table B-1: The initial aggregation rate constant k11 obtained from the experimental data
during the first 600 seconds, as a function of NaCl or CaCl2 concentration by using linear
regression
Electrolyte type

Concentration (mM)

Aggregation rate (nm/s)

NaCl

1
10
30
50
80
100
1
5
10
15
20
30
50

0.02
0.03
0.54
0.50
0.52
0.56
0.01
0.02
0.18
0.48
0.49
0.40
0.53

CaCl2
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Table B-2: The initial aggregation rate constant k11 obtained from the experimental data
during the first 600 seconds, as a function of NaCl or CaCl2 concentration in the presence
of HA by using linear regression.
HA (mg/L)

Electrolyte type

Concentration (mM)

Aggregation rate (nm/s)

2

NaCl

5

NaCl

10

NaCl

2

CaCl2

5

CaCl2

10

CaCl2

10
50
100
500
1000
10
50
100
500
1000
10
50
100
500
1000
1
5
10
15
20
1
5
10
15
20
1
5
10
15
20

0.01
0.01
0.00
0.13
0.31
0.01
0.01
0.00
0.03
0.21
0.00
0.01
0.01
0.02
0.14
0.01
0.11
0.42
0.42
0.46
0.01
0.04
0.38
0.46
0.51
0.01
0.01
0.41
0.53
0.45
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Table B-3: The initial aggregation rate constant k11 obtained from the experimental data
during the first 600 seconds, as a function of NaCl or CaCl2 concentration in the presence
of FA by using linear regression.
FA (mg/L) Electrolyte type Concentration (mM)
2

NaCl

5

NaCl

10

NaCl

2

CaCl2

5

CaCl2

10

CaCl2

10
50
100
500
1000
10
50
100
500
1000
10
50
100
500
1000
1
5
10
15
20
1
5
10
15
20
1
5
10
15
20
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Aggregation rate (nm/s)
0.01
0.02
0.10
0.37
0.52
0.13
0.12
0.01
0.51
0.24
0.01
0.01
0.01
0.12
0.23
0.00
0.45
0.31
0.44
0.48
0.01
0.21
0.43
0.32
0.36
0.01
0.12
0.33
0.32
0.37

a

Figure B-1: Aggregation rate as a function of electrolyte concentration in (a) NaCl and (b) CaCl2.
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b

Figure B-2: Aggregation rate as a function of electrolyte concentration in (a) NaCl and (b) CaCl2 in the presence of HA.
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Figure B-3: Aggregation rate as a function of electrolyte concentration in (a) NaCl and (b) CaCl2 in the presence of FA.
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Figure B-4: Particle size distribution of CeO2 NPs in the presence of NaCl or CaCl2. The
time of the nanoparticle size measured by DLS is respectively (a) during the first 100
seconds in the presence of NaCl, (b) at ~ 10 min in the presence of NaCl, (c) during the
first 100 seconds in the presence of CaCl2, (d) at ~ 10 min in the presence of CaCl2. Legend
shows the percentages of particle size distributed at each NaCl or CaCl2 concentration.
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Figure B-5: Particle size distribution of CeO2 NPs in the presence of HA.
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The time of the nanoparticle size measured by DLS is respectively (a) during the first 100 seconds in the presence of
NaCl at 2 mg/L HA, (b) at ~ 10 min in the presence of NaCl at 2 mg/L HA, (c) during the first 100 seconds in the presence of
NaCl at 5 mg/L HA, (d) at ~ 10 min in the presence of NaCl at 5 mg/L HA, (e) during the first 100 seconds in the presence of
NaCl at 10 mg/L HA, (f) at ~ 10 min in the presence of NaCl at 10 mg/L HA, (g) during the first 100 seconds in the presence of
CaCl2 at 2 mg/L HA, (h) at ~ 10 min in the presence of CaCl2 at 2 mg/L HA, (i) during the first 100 seconds in the presence of
CaCl2 at 5 mg/L HA, (j) at ~ 10 min in the presence of CaCl2 at 5 mg/L HA, (k) during the first 100 seconds in the presence of
CaCl2 at 10 mg/L HA, and (l) at ~ 10 min in the presence of CaCl2 at 10 mg/L HA. Legend shows the percentages of particle
size distributed at each NaCl or CaCl2 concentration.
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Figure B-6: Particle size distribution of CeO2 NPs in the presence of FA.
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The time of the nanoparticle size measured by DLS is respectively (a) during the first 100 seconds in the presence of
NaCl at 2 mg/L FA, (b) at ~ 10 min in the presence of NaCl at 2 mg/L FA, (c) during the first 100 seconds in the presence of
NaCl at 5 mg/L FA, (d) at ~ 10 min in the presence of NaCl at 5 mg/L FA, (e) during the first 100 seconds in the presence of
NaCl at 10 mg/L FA, (f) at ~ 10 min in the presence of NaCl at 10 mg/L FA, (g) during the first 100 seconds in the presence of
CaCl2 at 2 mg/L FA, (h) at ~ 10 min in the presence of CaCl2 at 2 mg/L FA, (i) during the first 100 seconds in the presence of
CaCl2 at 5 mg/L FA, (j) at ~ 10 min in the presence of CaCl2 at 5 mg/L FA, (k) during the first 100 seconds in the presence of
CaCl2 at 10 mg/L FA, and (l) at ~ 10 min in the presence of CaCl2 at 10 mg/L FA. Legend shows the percentages of particle size
distributed at each NaCl or CaCl2 concentration.
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Appendix C
Supplementary Material for Chapter 5

Figure C-1: Growth parameters in NC_S and NC_L.
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Figure C-2: Parameters of forage quality (a) Moisture, (b) Crude Protein, (c) NDICP_without Na2SO3, (d) aNDF, (e) aNDFom, (f) WSC(Sugar) in Cuts 1, 2, and 3
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Figure C-3: Parameters of forage quality (a) Ash, (b) NEL3x_OARDC, (c)
NEG_OARDC, (d) NEM_OARDC, (e) RFV, (f) AD-ICP in Cuts 1, 2, and 3
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Figure C-4: Parameters of forage quality (a) Ca, (b) Cl, (c) DCAD, (d) Dry_Matter, (e)
Mg, (f) Na in Cuts 1, 2, and 3
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Figure C-5: Parameters of forage quality (a) P, (b) Arabinan, (c) BTU Dry, (d) Carbon,
(e) cellulose, (f) Fixed Carbon in Cuts 1, 2, and 3
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Figure C-6: Parameters of forage quality (a) glucan, (b) Hydrogen, (c) IVTDMD 30, (d)
K, (e) Lignin, (f) NDFD 30 in Cuts 1, 2, and 3
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Figure C-7: Parameters of forage quality (a) Nitrogen, (b) NonStruc_Protein, (c)
NonStrucInorg, (d) S, (e) SiO2, (f) Struc_Protein in Cuts 1, 2, and 3
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Figure C-8: Parameters of forage quality (a) Struct Inorg, (b) Sucrose_NREL, (c)
Water_Extracts in Cuts 1, 2, and 3
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Figure C-9: Parameters of forage quality (a) Moisture, (b) Crude Protein, (c) NDICP_without Na2SO3, (d) ADF, (e) aNDF, (f) aNDFom in NC_S and NC_L
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Figure C-10: Parameters of forage quality (a) WSC(Sugar), (b) EE(Fat), (c) NFC, (d)
NEL3x_OARDC, (e) NEG_OARDC, (f) NEM_OARDC in NC_S and NC_L
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Figure C-11: Parameters of forage quality (a) RFV, (b) Ca, (c) Cl, (d) DCAD, (e)
Dry_Matter, (f) Mg in NC_S and NC_L
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Figure C-12: Parameters of forage quality (a) Na, (b) P, (c) Acetyl, (d) Arabinan, (e)
BTU Dry, (f) Carbon in NC_S and NC_L
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Figure C-13: Parameters of forage quality (a) cellulose, (b) Fixed Carbon, (c) Galactan,
(d) glucan, (e) IVTDMD 30, (f) K in NC_S and NC_L
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Figure C-14: Parameters of forage quality (a) K2O, (b) Lignin, (c) NDF, (d) NDFD 30,
(e) Nitrogen, (f) NonStruc_Protein in NC_S and NC_L
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Figure C-15: Parameters of forage quality (a) NonStrucInorg, (b) S, (c) SiO2, (d)
Struc_Protein, (e) Struct Inorg, (f) Sucrose_NREL in NC_S and NC_L
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Figure C-16: Parameters of forage quality (a) TDN, (b) Total halogens, (c) Volatile
Matter, (d) Water_Extracts, (e) Whole_Starch in NC_S and NC_L
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Figure C-17: Parameters of forage quality (a) Moisture, (b) ADF, (c) aNDF, (d)
aNDFom, (e) WSC(Sugar), (f) Ash in ratio of NC_S to NC_L
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Figure C-18: Parameters of forage quality (a) NFC, (b) NEL3x_OARDC, (c)
NEG_OARDC, (d) NEM_OARDC, (e) RFV, (f) AD-ICP in ratio of NC_S to NC_L
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Figure C-19: Parameters of forage quality (a) Ca, (b) Cl, (c) Dry_Matter, (d) Na, (e) P, (f)
Acetyl in ratio of NC_S to NC_L
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Figure C-20: Parameters of forage quality (a) Arabinan, (b) Carbon, (c) cellulose, (d)
glucan, (e) Hydrogen, (f) IVTDMD 30 in ratio of NC_S to NC_L
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Figure C-21: Parameters of forage quality (a) K, (b) K2O, (c) Lignin, (d) NDF, (e) NDFD
30, (f) Nitrogen in ratio of NC_S to NC_L
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Figure C-22: Parameters of forage quality (a) NonStruc_Protein, (b) NonStrucInorg, (c)
S, (d) SiO2, (e) Struc_Protein, (f) Struct Inorg in ratio of NC_S to NC_L
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Figure C-23: Parameters of forage quality (a) Sucrose_NREL, (b) TDN, (c) Volatile
Matter, (d) Water_Extracts, (e) xylan in ratio of NC_S to NC_L
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Figure C-24: Parameters of forage quality (a) Moisture, (b) Crude protein, (c) NDICP_without Na2SO3, (d) ADF, (e) aNDFom, (f) WSC(Sugar) in Cut 1 and NC_S

414

Figure C-25: Parameters of forage quality (a) EE(Fat), (b) Ash, (c)NFC, (d)
NEL3x_OARDC, (e) NEG_OARDC, (f) NEM_OARDC in Cut 1 and NC_S
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Figure C-26: Parameters of forage quality (a) RFV, (b) AD-ICP, (c) Ca, (d) Cl, (e)
DCAD, (f) Dry_Matter in Cut 1 and NC_S
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Figure C-27: Parameters of forage quality (a) Mg, (b) Na, (c) P, (d) Acetyl, (e) BTU Dry,
(f) Carbon in Cut 1 and NC_S
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Figure C-28: Parameters of forage quality (a) cellulose, (b) Fixed Carbon, (c) Galactan,
(d) glucan, (e) Hydrogen, (f) IVTDMD 30 in Cut 1 and NC_S
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Figure C-29: Parameters of forage quality (a) K, (b) K2O, (c) NDF, (d) NDFD 30, (e)
Nitrogen, (f) Nonstruc_Protein in Cut 1 and NC_S
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Figure C-30: Parameters of forage quality (a) NonstrucInorg, (b) S, (c) SiO2, (d)
Struc_Protein, (e) Struct Inorg, (f) Sucrose_NREL in Cut 1 and NC_S
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Figure C-31: Parameters of forage quality (a) TDN, (b) Total halogens, (c)
Water_Extracts, (d) Whole_Starch, (e) xylan in Cut 1 and NC_S
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